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BET measurement of specific area of heterogeneous catalysts according to 
Brunauer, Emmett and Teller
C Conversion
CM cross metathesis
COD cyclooctadiene
DCM dichloromethane
FAME fatty acid methyl ester
FID flame ionisation detector
GC gas chromatography
ICP inductively coupled plasma optic emission spectroscopy for elemental 
analysis
IR infrared spectroscopy
MAS magic angle spinning
MO methyl oleate, methyl octadecenoate
NMR nuclear magnetic resonance spectroscopy
ppm parts per million
R ratio
RT room temperature
SM self metathesis
TG thermogravimetry
TON turn over number
XPS X-ray photoelectron spectroscopy
XRD X-ray diffractometry
7
8
Table of Contents
1 Introduction........................................................................................................................11
1.1 Renewable Feedstock...............................................................................................11
1.1.1 Biorefineries........................................................................................................11
1.1.2 Plant oils as feedstock........................................................................................13
1.2 Catalysis....................................................................................................................14
1.2.1 Heterogeneous Catalysis...................................................................................15
1.2.2 Homogeneous Catalysis....................................................................................15
1.3 Metathesis..................................................................................................................17
1.3.1 Mechanism.........................................................................................................17
1.3.2 Metathesis catalysts...........................................................................................18
1.3.3 Metathesis of methyl oleate................................................................................20
1.4 Mesoporous materials...............................................................................................27
2 Topic of this thesis.............................................................................................................28
3 Results and discussion.....................................................................................................30
3.1 Immobilisation methods.............................................................................................30
3.1.1 Cationic ruthenium metathesis catalysts in the literature...................................30
3.1.2 Immobilisation via electrostatic interactions on mesoporous aluminium doted 
silicates........................................................................................................................33
3.1.3 Immobilisation via physisorption........................................................................43
3.2 Analysis of catalysts...................................................................................................45
3.2.1 NMR....................................................................................................................45
3.2.2 IR........................................................................................................................50
3.2.3 BET.....................................................................................................................55
3.2.4 TG.......................................................................................................................56
3.2.5 XRD....................................................................................................................60
3.3 Catalysis....................................................................................................................62
3.3.1 Substrates..........................................................................................................62
3.3.2 Systematics of catalysed reactions....................................................................65
3.3.3 Repeatability.......................................................................................................73
3.3.4 Self metathesis of methyl oleate (98% grade)...................................................76
3.3.5 Self metathesis of Lubrirob.................................................................................80
3.3.6 Ethenolysis.........................................................................................................83
3.3.7 Cross metathesis with functionalised olefins.....................................................87
3.3.8 Recycling reactions..........................................................................................101
3.3.9 Leaching tests..................................................................................................107
3.3.10 Double bond migration...................................................................................109
4 Conclusion.......................................................................................................................111
9
5 Experimental Part............................................................................................................113
5.1 Chemicals................................................................................................................113
5.2 Catalyst preparation.................................................................................................113
5.2.1 Immobilisation...................................................................................................113
5.2.2 Al-MCM41 synthesis.........................................................................................115
5.3 Analysis....................................................................................................................116
5.4 Metathesis................................................................................................................117
6 Annexes..........................................................................................................................126
6.1 MAS NMR................................................................................................................126
6.2 IR.............................................................................................................................135
10
1 Introduction
1.1 Renewable Feedstock  
1.1.1 Biorefineries
The limitation of fossil feedstocks leads to the necessity of finding sources for alternative 
energy and chemical raw materials. While there are several alternatives for the energy 
market  (solar,  wind,  nuclear,  biogas),  biomass is  considered fundamental  for  chemical 
feedstocks [1].
Within  the  renewable  feedstock  the  available  materials  are  plentiful,  the  main  classes 
being lignin, carbohydrates (including cellulose and sugars), proteins and fats (including 
oils). These different substances may come from a wide range of sources: agriculture and 
forestry, waste streams of the food industries, algae plants, etc. , but some sources may 
provide  more  than  one  of  the  aforementioned  substance  classes,  so  that  separation 
becomes necessary [2].
Biomass,  which  was  used chemically  already before  petrol,  is  already widely used to 
produce certain products:  cellulose, starch, oils, proteins, lignin and terpenes. Processes 
for the production of  ethanol, butanol, acetone, lactic acid and itaconic acid do already 
exist. [2]
The change of material sources leads to new requirements for processes, reactions and 
catalysts. These can then be implemented into a biorefinery concept (figure 1).
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According to Kamm et al. „Biorefineries  combine  the  necessary  technologies between 
biological   raw   materials   and   industrial intermediates and final products” [3]. 
An integrated biorefinery consists of several steps from the growing of biomass to the 
finishing  of  the  desired  products  which  might  be  similar  to  the  ones  deriving  from 
conventional refineries [4]. It obtains and isolates the different substance classes from the 
substrates  and  processes  them  to  different  products.  Thereby  it  is  quite  similar  to  a 
petroleum refinery. The mixed substance “wastes” can still be converted to char, oil or gas 
[2].
The different functionalities of the substance classes confront research and processing 
with new problems but also with new possibilities. Platform molecules like sugars need 
only few reaction steps to become highly functionalised high-value products like poly lactic 
acid [2] (figure 2). Therefore high potential lies within the field of catalysed processes for 
renewable  feedstock,  when  the  hindrances  are  overcome.  High  water  content  and 
impurities demand stable catalysts. The same applies to functionalised molecules. 
12
figure 1: Biorefinery structure [2]
 
High yields are important because of the intensive cultivation necessary to grow the crops 
and the competition to food which raises ethical questions  [5]. On the other hand, the 
resources  posses  already  a  cornucopia  of  functionalities  which  offer  an  easy  way  to 
valorisation:  “Due  to  this  multi-functionality,  the  valorisation  possibilities  in  a  so-called 
biorefinery are even bigger than in fossil refineries.” [2]
1.1.2 Plant oils as feedstock
Plant oils always have been food for the human species. So the cultivation of oil crops as  
sunflower or rape has been optimised. [2]
But  today  these  oils  are  not  only  used  for  food.  Their  use  in  paints  and  cosmetic  
formulations is common as well. The conversion to Biodiesel via transesterification is a 
well established industrial process. [2]
The growth of oil crop plants was estimated in 2010 to be 137 Mio. tons per annum (For  
palm, soy, rapeseed, cotton, peanut, sunflower, palm kernel, olive and coconut). They are 
grown particularly in Europe, North and South America. About 75% of the world plant oil  
production is considered to be consumed as food [5].
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figure 2: Exemplary product flow-chart [2]
In 2004 Kamm et al. stated that “rapeseed and rape oil production averages 19M tons per 
annum. Sunflower production amounts to 5M tons per annum.”  [2]
Possible functionalisation of plant oil and its derivatives
Soap and other surfactants may be produced from plant oil by transesterification of the 
triglyceride. The acid function may then be further reacted [6].
Alternatively  reactions  can  be  carried  out  at  the  double  bond  of  unsaturated  fatty 
compounds. 
It can be oxidised using chemical oxidants or on an anode. Another form of oxidation is the 
epoxidation  of  the  double  bond  using  peroxides  like  tert-butylhydroperoxide  or  highly 
concentrated hydrogen peroxide. The three-membered ring may be afterwards opened 
with nucleophilic or electrophilic reactants, which allows the introduction of nitrogen and 
other  functionalities  [9].  Epoxidation  of  the  triglyceride  leads  to  cross  linkers  for  poly 
urethanes [7]. Oxidation can also serve the purpose of cleavage. For example oleic acid 
may be reacted with sodium iodate (NaIO4) in the presence of ruthenium (III) chloride to 
yield azelaic acid [7]. 
Other reactions on the double bond include Diels-Alder reactions, isomerisation, addition 
of alkyl chains, dimerisation and hydroformylation [6],[7].
Functionalisations can also be done via microbial or enzymatic processes [6].
1.2 Catalysis  
Catalysis is a general word implying the use of catalysts in chemical reaction. Generally 
during catalysis a catalyst forms a bond with at least one reaction partner and changes its 
behaviour (the substrate is activated), so that a reaction can happen with less activation 
energy.
For  example  a  bond  within  the  reaction  partner  can  be  weakened  or  the  molecule 
conformation can be changed. In this way the activation energy of the original reaction is 
not lowered. It takes place on another reaction pathway with a lower activation energy [8] .
The product dissociates from the catalyst, which is usually unaltered or reacted back to its 
original state in a second reaction (for example in the Wacker-Hoechst-process, where this 
reaction has its own process step).
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Catalysts enable processes to be faster and energetically more efficient. Therefore they 
are  useful  in  an  economical  and  ecological  sense.  Additionally  they  may  be  able  to 
suppress  side  reactions,  increase  stereoselectivity  or  enable  reactions,  which  are 
otherwise not possible [9].
Catalysis may be done homogeneously or heterogeneously.
1.2.1 Heterogeneous Catalysis
Heterogeneous  catalysis  means  that  the  catalyst  is  within  another  phase  than  the 
reactants.  Often solid catalysts are used in liquid or gaseous reactions. This is a very 
common system for big industrial processes.
Heterogeneous catalysis  has certain  advantages.  For  example  the  catalyst  is  easy to 
separate  mechanically,  for  instance  through  filtration  or  sedimentation.  Since  often 
inorganic oxides are used as catalysts, processes at high temperatures and pressures are 
possible.
Deactivation through poisoning or sintering often takes place very slowly in industrially 
used catalysts. This enables the catalysts to long lifetimes within a process [10].
Regeneration is  also  possible  for  a  lot  of  catalysts.  For  example  the zeolites  used in 
catalytic cracking can be freed from residual coke by burning and reused afterwards [11].
Drawbacks of heterogeneous catalysis are the necessity of pore diffusion to reach the 
active centres in porous materials, which limits reaction rate and the sometimes not known 
catalytic mechanisms, which inhibit effective catalyst design.
1.2.2 Homogeneous Catalysis
Homogeneous catalysis means the catalyst is within the same phase as the reactants. 
One of the most important application of homogeneous catalysis is the hydroformylation 
reaction, and it has to be pointed out that industrial synthesis of fine chemicals are often 
using homogeneous catalysis [12].
Mostly homogeneous catalysts are organometallic complexes. They can be designed for 
special purposes (catalyst  design), so that they optimally fit  one reaction. This enables 
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high activity and selectivity. Since homogeneous catalysis takes place in the liquid phase 
limitation by diffusion is not a problem. 
But  the  separation  of  catalyst  often  proves  to  be  a  problem.  Also  the  life  time  of  
homogeneous catalysts are limited, since a lot of organometallic complexes are less stable 
than heterogeneous catalysts.
These drawbacks and the efforts (material, energy, work force) necessary to synthesise 
the  organometallic  complexes  are  causing  homogeneous  catalysts  often  to  be  very 
expensive. Also catalysts which may be hazardous have to be surely separated to ensure 
product safety [13]. 
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1.3 Metathesis  
1.3.1 Mechanism
The word metathesis is Greek and means transposition. It is used to describe different  
reactions and is therefore not exact on its own. Olefin metathesis means the transposition 
of substitutes on a carbon carbon double bond (figure 3) [14].
This  transposition  can  be  catalysed  heterogeneously  or  homogeneously.  For  the 
homogeneous  catalysis  the  Nobel  price  winner  Yves  Chauvin,  IFP France,  suggested 
1971 a mechanism (figure 4)  [15]. He found evidence via analysis of the initial products 
arising from a cross metathesis reaction between 2-pentene and cyclopentene, leading to  
the conclusion that the reaction is occurring via metallacarbene and metallacyclobutane 
intermediates [16].
It can be assumed that the mechanism of the heterogeneous catalysis is much alike [17].
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figure 3: Example of a metathesis reaction
In figure 4 the mechanism proposed by Chauvin is shown. M is the metal carbene. In this  
figure as well  as in  figure 3 symmetrical olefins are used as starting material.  Only E-
configurated products are displayed although of course Z-isomers are also possible. If this 
is  not  the  case  there  is  more  than  one  dissymmetrical  product,  corresponding  to  a 
redistribution  of  the  alkylidene  moieties  of  the  starting  olefins,  governed  by 
thermodynamics  at  the  end  of  the  reaction,  which  may  also  be  affected  by  an 
isomerisation process of the double bonds leading to a huge number of products in the 
final reaction mixture
1.3.2 Metathesis catalysts
As shown in the mechanism the active catalyst species does contain a carbene ligand and 
the formation of metallacycles is required to lead to metathesis products, so that  at least  
two  criteria  are  necessary  to  build  a  metathesis  catalyst:  a  metallacarbene  species  ,  
together with a vacant coordination site on the complex to bind the olefin and give the  
transient  metallacycle.
So the mechanism shows which features are necessary to built a metathesis catalyst.
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figure 4: Mechanism of the catalysed olefin metathesis according to Chauvin
This knowledge was used by the Nobel price laureates Robert Grubbs, Caltech USA, and 
Richard Schrock, MIT USA, to design catalysts featuring those structures.
Complex  A in  figure 5 is a Schrock type catalyst. They are based on an early transition 
metal (e.g. tungsten, molybdenum or rhenium) mostly in high oxidation state; they are so-
called  Schrock  carbenes.  These  are  less  stable,  especially  in  presence  of  functional 
groups, but are active towards tri- or tetra substituted olefins. They are also less tolerant 
than Grubbs'  type  catalysts  regarding  oxygen and moisture.  However,  molybdenum is 
much  cheaper  and  abundant  than  ruthenium,  which  makes  this  type  of  catalyst  also 
attractive [14], [18].
Complex B in figure 5 is the first generation Grubbs' catalyst. Catalysts of the Grubbs type 
are based on  ruthenium in a low oxidation state [19],[20].
The Grubbs'  catalyst  group is  parted in  two groups:  1st generation and 2nd generation 
catalysts. In the first generation Grubbs used two phosphine ligands. This catalyst showed 
good activities and tolerances. But testing different other ligands showed that one ligand 
with strong electron donating abilities increased the activity tremendously. This feature was 
optimised using N-heterocyclic carbenes (NHC) [21], [22]. The use of the NHC makes the 
catalyst  much  more  unlikely  to  undergo  deactivation  through  the  coordination  of  a 
phosphine  ligand  after  it  once  was  activated  by  loss  of  said  ligand,  because  the 
coordination of the olefin is much faster than the reverse reaction to the precatalyst [23], 
[24].
The Grubbs' catalysts were tried to optimise in various ways. The most successful so far is 
the Hoveyda-Grubbs-type catalyst (figure 6). 
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figure 5: Metathesis catalysts
The carbene is a benzylidene bearing an isopropyl group in ortho position which acts as a 
fifth  ligand.  This  catalyst  has  an  outstanding  stability  whilst  possessing  an  agreeable 
activity [25]. 
A variation of the Hoveyda motif is the M51 of Umicore, commercially available.
There the carbene ligand even carries two potentially complexing oxygen functions. The 
second  one  was  found  to  be  only  partly  coordinating  by  Grela  et  al.  [26].  They  did 
crystallisation from different solvents. Depending on the solvent the complex was six or 
five times coordinated.
1.3.3 Metathesis of methyl oleate
Methyl  oleate,  synthesised  by  transesterification  from  plant  oils,  is  a  C18  mono-
unsaturated fatty acid ester.
Since it is unsaturated it is in principal possible to use it in a metathesis reaction.
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figure  6:  Hoveyda-
Grubbs-type catalyst
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Self metathesis
The simplest version of the reaction is self metathesis. This was first tried by Van Dam et 
al. in 1972 [27].
They used tungsten hexachloride with tetramethyl  tin as co catalyst.  This method was 
further improved and in 1974 a whole range of self metathesis reactions with FAME were 
published  [28]. The reaction for MO was carried out at 110 °C in chlorobenzene with a 
loading  of  1.3  mol-% which  resulted  in  a  50  percent  conversion  after  2  h  (TON=38). 
According to thermodynamics this is the equilibrium and therefore the highest conversion 
possible in a batch reaction.
After the metathesis mechanism was found, well defined catalysts could be synthesised. 
The ruthenium-based Grubbs' catalysts of the first and second generation were also used 
in  the  self  metathesis  of  MO.  Buchowitz  and  Mol  tested  in  1999  the  first  generation 
Grubbs'  catalyst  on  different  linear  substrates  including  methyl  oleate.  They found  no 
decrease in reactivity for the ester containing substrate (TON= 200, 20 °C, 0.18 mol-%, 
4 h, DCM)[29]. In 2002 Dinger and Mol tested the 1st and 2nd generation catalysts under 
similar conditions [30]. They optimised both reactions and found up to 440,000 TONs (C= 
45%) for the 2nd generation catalyst (55 °C, neat, 1·10-6 mol-%, 24 h) and 2500 TONs (C= 
10%) for the 1st generation catalyst (55 °C, neat, 4·10-4 mol-%, 24 h). A modification of the 
NHC ligand of the former catalyst did not improve the performance. The selectivity of the 
2nd generation Grubb's catalyst was only 91% at the given conditions due to double bond 
migration and metathesis with the resulting products. 
21
figure 8: Self metathesis (SM) of methyl oleate (MO)
This effect was also found by Marvey et. al. when the reaction temperature was 100 °C or  
higher.  In these conditions the presence of secondary metathesis products (SMP) was 
observed if the 1st generation Grubbs' catalyst was used [31]. These isomerisations (figure
9) were mostly likely caused by a decomposed or otherwise altered form of the metathesis 
catalyst [32],[33].
Ethenolysis
Cross metathesis is possible if a second alkene is used. The simplest reaction partner is  
ethylene. As since it is a gaseous alkene, reactions are carried out in autoclaves.
The first ethenolysis on methyl oleate was performed by Mol et al. 1981 using rhenium(VII) 
oxide on alumina and tungsten hexachloride, both with methyl tin as co catalyst. Reactions 
with  2 bar of  ethylene led to  75% conversion to  ethenolysis  products for  the rhenium 
catalyst (TON= 7, 20 °C, 10 mol-%, chlorobenzene, 10% conversion for self metathesis 
products) and 68% for the tungsten catalyst (TON= 6, 70 °C, 10 mol-%, chlorobenzene,  
12% conversion for self metathesis products). The self metathesis decreased for higher 
catalyst loadings and for higher ethylene pressures [34]. 
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figure 10: Ethenolysis of methyl oleate
figure 9: Double bond isomerisation
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Warwel et al. used the first generation Grubbs in 2001 to generate the ω-unsaturated ester 
[35]. It  was  used  to  prepare  the  symmetrical  diester  which  was  used  in  different 
polymerisation reactions [36],[37]. At a pressure of 10 bar they reached 50% conversion 
after 2 h (2.5 ·10-2 mol-%, 50 °C, TON= 2100). The selectivity was not given. 
In 2008 Maughon et al. used the first generation Grubbs' catalyst. With a pressure of 16 
bar of ethylene they reached 80% conversion after 20 hours (30 °C, 2.2·10-2 mol-%, about 
95%  selectivity  for  methyl  9-decenoate,  TON=  3400).  With  lower  pressures  also  the 
conversion and the selectivity decreases. With 1 bar of ethylene only 65% of conversion 
were reached (30 °C, 2.2·10-2 mol-%, about 65% selectivity for methyl 9-decenoate, TON= 
1900) [38]. Additionally a study with several samples taken over the course of the reaction 
was done. They found that the selectivity decreases over the reaction time, especially for 
lower ethylene pressures.
In 2012 Kadyrov et al. tested 12 different catalysts in ethenolysis of methyl oleate.  They 
divided them into three groups to give general trends: catalysts containing two phosphine 
ligands, catalysts containing an NHC ligand and Hoveyda type catalysts with a chelating 
carbene ligand. They state that Hoveyda type catalysts showed poor selectivity towards 
ethenolysis as well  as self metathesis.  The catalysts containing two phosphine ligands 
(like Grubbs'  1st generation)  gave a good selectivity for  ethenolysis  products,  whereas 
catalysts  containing  a  NHC  ligand  showed  higher  selectivity  towards  self  metathesis 
products.  They conclude that the reason is that catalysts containing NHC ligands (like 
Grubbs' 2nd generation) first almost exclusively catalyse the self metathesis and only when 
and if  the  equilibrium is  reached ethenolysis  takes place  [39].  This  contrasts  with  the 
results of Maughon et al.  since they stated that the selectivity for ethenolysis products 
decreases over time [38].
Grubbs et al. in 2011 tested catalysts with NHC ligands varying the N-substituents. They 
concluded “that both N-aryl and N-alkyl groups with more sterically hindering substituents 
improve  the  desired  selectivity.  Di-isopropyl  N-aryl  groups  enhance  catalyst  stability, 
leading to better product yields.”  [40] They further proposed a test for the selectivity of 
catalysts towards ethenolysis products presuming that the selectivity is based on the ratio  
of equilibriums between the cross metathesis and the ethenolysis.
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Therefore they suggest to determine each equilibrium state separately (figure 11) to get 
information about the overall equilibrium for the ethenolysis reaction [40].
Schrock et al. presented monoaryloxide-pyrrolide (MAP) tungsten and molybdenum based 
catalysts in ethenolysis of methyl oleate in 2009. These special complexes are very stable 
and do not decompose at temperatures up to 80 °C.
The molybdenum complex shown left in figure 12 (with R=Ar) gives 95% conversion and 
>99% selectivity at  room temperature (0.02 mol-%, 10 bar ethylene,  15 h, solvent not 
given, TON= 4700) [18]. However, their high sensitivity implies that the used substrate has 
to be very carefully purified, which limits their use in biosourced unsaturated esters that 
may contains polar impurities.
Cross metathesis with other olefins
Cross metathesis can also be done with other partners than ethylene.
24
figure 11: Equilibrium of ethenolysis and cross metathesis
figure 12: MAP molybdenum based catalysts [18]
Very common are linear alkenes. In an attempt to improve industrially produced biodiesel,  
Montenegro  and  Meier  reacted  it  with  1-hexene  in  a  cross  metathesis  reaction.  The 
biodiesel consisted of 75% methyl oleate. At 0.1 mol-% loading, no catalyst containing two 
phosphine ligands showed any conversion. NHC bearing complexes like the 2nd generation 
Grubbs', the Hoveyda 2nd generation catalyst and the Umicore catalyst M51 showed nearly 
complete conversion at a loading of 0.05 mol-% (40-50 °C, neat, 4 h, TON≈ 2000). Further 
testing showed the Hoveyda and  M51 to be the two most active catalysts. When they tried 
to further decrease the loading they faced repeatability problems which they related to the 
low catalyst content, impurities and inhomogeneous reaction mixtures [41].
Pederson et al. from Materia investigated the cross metathesis of methyl oleate with 1-
octene. Reactions at a loading of 0.001 mol-% led to an effective TON of 18600 for 2nd 
generation Grubbs' catalyst and 20400 for the Hoveyda 2nd generation catalyst (40 °C, 
neat, 4 h) [42].
Jackson et al. tried cross metathesis with an internal alkene, since “[t]erminal olefins form 
methylidene-ruthenium intermediates and successfully compete with internal  alkenes in 
binding to the catalyst with  adverse effects on reaction time,  conversion  and  effective 
TONs.” [43]
The cross metathesis with  2-butene was carried out  at  -5 °C.  At  this temperature the 
Grubbs' 1st and 2nd generation showed only little activity (0.01 mol-%, 2 h, neat). Hoveyda 
2nd generation catalyst on the other hand gave 95% conversion and 95% selectivity at the 
same reaction conditions (TON= 9000). If butene was used, that contained even only small 
amounts of butadiene, catalyst poisoning occurred. Variation of the methyl oleate grade 
used had major  influence on the catalyst  performance.  If  commercial  available  methyl  
oleate was distilled thrice, the effective TON of the cross metathesis could be raised from 
1.8·103 (0.02 mol-%) to 470·103 (0.0002 mol-%) [42].
To add functionality to molecules the cross metathesis with acrylates is quite useful as it 
provides bifunctional linear molecules.
Foreman and Tooze mention the CM between methyl oleate and methyl acrylate in 2005. 
They found a 45% conversion with  87% selectivity upon using the second generation 
Grubbs' catalyst (50 °C, 2 h, 0.0125 mol-%, TON= 3100). Under addition of p-cresol this  
increases to 82% conversion and 95% selectivity (TON=6200)  [44].
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Rybak and Meier found in 2007 that the CM between methyl oleate and methyl acrylate 
only is  efficiently catalysed by catalysts  with  NHC ligands which corresponds with  the 
results  from Foreman and Tooze.  They found also positive  effects  on  selectivity  upon 
increasing the catalyst loadings and the number of equivalents of methyl acrylate. At a 
loading of 0.2 mol-% and 10 equivalents of methyl acrylate almost no self metathesis took 
place (Hoveyda 2nd generation catalyst, 50 °C) [45].
Another possibility to functionalise methyl oleate further is the cross metathesis with acrylo 
nitrile. Bruneau and Dixneuf et al. used the Hoveyda 2nd generation catalyst to catalyse 
this reaction. For 5 mol-% loading they found full  conversion of methyl oleate (100 °C, 
2 eq. acrylonitrile, 2 h, TON= 20) [46].
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1.4 Mesoporous materials  
The classification of porous material into micro-, meso- and macroporous was specified by 
the  IUPAC13  [47].  Mesoporous  materials  have,  according  to  this  definition,  a  pore 
diameter of 2 to 50 nm. 
Examples of mesoporous materials are: AlPO4-8, VPI-5 and cloverite [48].
Components with a large and defined pore size are the materials of the M41S group such 
as MCM41 [49] which are silicates.
They are synthesised using surfactants. The pore size of the targeted material is directly 
linked to the chain length of the surfactant. There are two mechanisms concerning the way 
by which the walls of the material may be built. Either the surfactant forms into micelles on 
which the inorganic material builds up or an ionic exchange takes place ( figure 13), so that 
the  material  bearing  surfactants  self-assembles.  The structure  of  the  finished  material 
depends on different factors, like temperature and the concentration of the surfactant [50]. 
Therefore there are various different materials in this group.
Important materials from the M41S group are:
• MCM 50, which has a lammelar structure
• MCM 41, which has a hexagonal structure
• MCM 48, which has a cubic structure [51].
Mesoporous silicates may be used as support of heterogeneous catalysts [52] for example 
in the hydrotreating of gasoil [53].
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figure 13: Selfassembly with in the synthesis of M41S materials
2 Topic of this thesis
This work is part of the EuroBioRef project funded by the 7 th framework programme of the 
European Union. Within this project a new concept for an integrated biorefinery should be 
developed: from the growth of crops until finished industrial processes.
Also new pathways and products from biomass should be found. The conversion of plant 
oil derivatives to more functionalised molecules is part of this step. Fatty acid methyl esters 
(FAME) especially methyl oleate (MO) are already produced within industrial scale. These 
were partly provided from Novance for the EuroBioRef project.
Metathesis is a key reaction for such functionalisation. Within one step functionalisation 
and/  or  chain  length  variation  may be  done.  Via  self  metathesis  of  MO a  diester  for 
polymerisation is accessible, by means of ethenolysis the chain length can be shortened 
and CM offers a wide variety of functionalisation.
Since many functional groups will be present within the reaction mixture, stable and highly 
active catalysts are needed. Molecular catalysts of Umicore have these properties and 
were provided by this company for this project [41].
Immobilisation of these catalysts was a main goal of the work. This would ensure the 
possibility to recycle the catalyst or at least to recover the ruthenium. This is economically 
and ecologically useful.
A  simple  immobilisation  system  was  presented  by  Crosman  and  Hölderich  for 
hydrogenation  catalysts  [54][55][56][57].  The  cationic  catalysts  were  immobilised  on  a 
mesoporous aluminosilicate, where the aluminium provides anionic sites. Via electrostatic 
interaction the cationic complex was bound to the negatively charged aluminium centre 
[58].
Crosman et al. used well established cationic rhodium asymmetric hydrogenation catalysts 
like [(COD)-Rh DUPHOS]+. Variation of aluminium content of the supports showed that the 
transition-metal loading depends on the aluminium centres (Table 1). 
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Table 1: Dependence of rhodium loading on the Si/Al ratio
Si/Al ratio of the support loading (mmol/g)
20 0.10
40 0.07
80 0.02
The  activity  loss  for  the  catalysts  immobilised  in  this  way,  was  very  low or  even  not 
existent. The reached enantiomeric excesses were sometimes even higher than that of 
free catalyst.
Such  results  were  at  the  basis  of  the  work  in  this  thesis,  as  we  thought  that  this 
immobilisation  technique  could  be  used  to  immobilise  metathesis  catalysts.  The 
heterogenised catalysts will be used in diverse metathesis reactions of FAME. The goal 
was therefore to achieve a well performing catalyst in one or several promising reactions.
Characterisation of the newly synthesised catalysts should lead to broad knowledge for  
these  materials  and  should  perhaps  enable  even  more  focused  efforts  towards  more 
effective catalysts. Catalyst screening should serve the same purpose and the study of 
reaction conditions should lead to the best performance available.
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3 Results and discussion
3.1 Immobilisation methods  
3.1.1 Cationic ruthenium metathesis catalysts in the literature
Prior to the work on the immobilisation examples of cationic metathesis catalysts were 
found. 
Hofmann
Hofmann et al. formed a bimetallic ruthenium complex which after dissociation give a very 
active  catalyst  for  ring  opening  metathesis  polymerisation  (ROMP)  [59].  The  dimer  is 
formed by abstracting chloride from the precursor using a Lewis acid. The willingness of 
chloride to be abstracted is positively influenced by using an electron rich chelating ligand.
The dissociated monomer is a 14 electron compound ready for metathesis without another 
activation step.
Buchmeiser
Buchmeiser et al. developed a cationic catalyst useful in the photo-induced ring opening 
polymerisation [60]. The complex has to be activated by light between 254 and 308 nm. It 
can not be thermally activated.
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figure 15: Buchmeiser's cationic catalyst
figure 14: Bimetallic ruthenium alkylidene by Hofmann et al.
Additionally in 2012 the same group published results from a dicationic catalyst prepared 
for the immobilisation in ionic liquids.
The synthesis is carried out with DMF as replacement ligand and silver tetrafluoroborate 
as ionising agent. The resulting catalyst  is active in homogeneous phase conditions in 
various metathesis reactions. For self metathesis of methyl oleate at 100 °C a TON of 780 
is reached [61].
Dixneuf
Dixneuf  et  al.  developed allenylidene  catalysts.  They were  studied  for  their  activity  in 
various  ring  closing  metathesis  [62].  The  complexes  may  be  prepared  from  dimeric 
[{(p-cymene)RuCl2}2] in a two step synthesis.
The complex shown in  figure 17 with R'= Ph was used successfully in the ring opening 
polymerisation (ROMP) of norbornene. The catalysts are especially applied in ionic liquids 
which makes them easily recyclable.
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figure  17:  cationic  allenylidene 
catalyst
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figure 16: Preparation of Buchmeiser's dicationic catalyst
Piers
Piers et al. developed a cationic metathesis catalyst where the positive charge is located 
on a ligand  rather than on the metal, using the basic properties of a phosphorus atom 
located  in  the  carbene  [63].  This  complex  can  be  prepared  starting  from Grubbs'  1st 
generation catalyst  in  a  two step reaction.  Various catalysts  of  this  type with  different 
ligands are commercially available. 
Piers' catalyst is quite stable despite the fact that it is a 14-electron species. It does not  
decompose under the influence of oxygen and moisture for several hours. It is active in  
various metathesis reactions. Due to the missing second L ligand no dissociation step is 
necessary.
3.1.2 Immobilisation via electrostatic interactions on mesoporous 
aluminium doted silicates
Ionisation tests
As demonstrated in the work of Crosman et al. cationic catalysts can be immobilised on 
aluminium containing mesoporous materials via electrostatic interactions  [58][54][55][56]
[57]. Examples of cationic ruthenium metathesis catalysts exist as shown before. It was 
tried to get a new cationic species for immobilisation by ionising commercially available 
catalysts. This would also be possible by use of thallium salts, but despite the fact that 
they may enable side reactions such as oxidation their toxicity would make them hard to 
handle in the lab and most probably to be applied in the industry.
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figure 18: Piers' catalyst
figure  19:  Ionisation  of  commercial  available  
catalyst using silver salts
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Grubbs' 1st generation catalyst and M51 of Umicore were ionised by silver salts. 
In these tests, ligands as benzonitrile were used to stabilise the resulting species. In the 
immobilisation, we expect that this stabilisation should be offered by lone pairs of electrons 
of oxygen atoms available from the support.
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figure  21:  Ionisation  of  commercially  available  
catalyst using a ligand exchange
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figure 20: Complexes used in immobilisation
In  figure 22, the  31P-NMR for the ionisation of the Grubbs' 1st generation catalyst in the 
presence  of  benzonitrile  is  given.  All  of  the  catalyst  appears  to  be  consumed  in  the 
reaction. Several other signals are found all  down field from the theoretical shift of the 
Grubbs' catalyst at 36.5 ppm [64]. Since for the original species there is only one peak in 
31P NMR different peaks most likely belong to different complexes deriving from a cationic 
species.  Although these results are not those expected from the reaction described in 
figure  21,  ionisation  with  silver  salts  was  used  as  preparation  for  the  species  to  be 
immobilised.
After the decision to use silver salts, the question arose if the counter ion could have an  
influence on the ionisation. A comparative test with AgPF6 and AgBF4 was done.
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figure  22:  31P-NMR of  the  reaction  of  AgPF6 with  Grubbs'  catalyst  (under  addition  of  
benzonitrile) (AMA-91)
Although the reaction of M51 with silver salt can not be monitored via  31P-NMR like the 
Grubbs' catalyst, the colours indicate a difference in reaction. It  has to be noticed that 
using 1H NMR did not give any clear difference either.
Thus for the ionisation prior to immobilisation also different silver salts were used.
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figure 23: Ionisation of M51 with different silver salts after 2 min. (left) and 15 min. (right)
Ionisation with silver hexafluorophosphate
The Umicore catalysts M51,  M1  and Grubbs'  1st generation catalyst  were ionised using 
silver hexafluorophosphate.
Then  the  complexes  were  immobilised  on  Al-MCM41  in  order  to  exchange  cationic 
ruthenium complexes with the aluminium sodium counter ion (figure 25).
The results in Table 2 show that the loading found via elemental analysis differs from the 
theoretical loading. The theoretical loading is calculated from the amount of catalyst used 
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figure 24: 31P-NMR of the ionisation of M1 with silver hexafluorophosphate
figure 25: Immobilisation of ionised species on Al-MCM41
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in the ionisation. Some of it might be lost during the filtration of the reaction mixture before 
its addition to the support. Another part could be decomposed due to the ionisation  [65]
[66]. 
Table 2: Immobilised catalysts using AgPF6 as ionisation agent
name complex Si/Al ratio 
in support
theoretical 
loading
loading found by 
elemental analysis
AMK135 Grubbs' 1st 19 0.15 mmol/g 0.10 mmol/g
AMK136 M51 19 0.15 mmol/g 0.03 mmol/g
AMK246 M51 12 0.15 mmol/g 0.05 mmol/g
AMK252 M1 12 0.15 mmol/g 0.09 mmol/g
Non ionised complexes physisorbed on the support after immobilisation are removed by 
repeated washing of the catalyst using DCM. So incomplete ionisation also causes a lower 
loading. 
About one third of the complex is not immobilised for both catalysts M1 and Grubbs' 1st. 
They only differ in the carbene ligand: So similar behaviour is logical.
For the immobilised catalysts with M51, only one third and one fifth are immobilised. The 
difference between the two catalysts is the silicon/aluminium ratio of  the support.  With 
more aluminium (lower ratio) more complex is immobilised (Table 3). 
Table 3: Immobilisation on supports differing in aluminium content
name Si/Al ratio in 
support
Aluminium 
content
Ru-loading found by 
elemental analysis
Al/Ru ratio
AMK136 18.85 0.81 mmol/g 0.03 mmol/g 27
AMK246 12.24 1.21 mmol/g 0.05 mmol/g 24
The ratio of aluminium to ruthenium as given in Table 3 is very similar. 
Not all aluminium centres are available for immobilisation since not all are on the inner 
surface  of  the  support  but  partly  in  the  bulk  material.  Apparently  the  extent  of 
immobilisation is linked to the amount of aluminium in the support. This is indicated by the 
similar  Al/Ru  ration  of  the  catalysts.  So  more  aluminium  centres  lead  to  more 
immobilisation which is in line with the theory that the complexes are immobilised on the 
centres.
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This is also in accordance to work of Crosman et al. who found an increase in loading with 
the increase of aluminium content [58].
The higher loading of catalysts of immobilised M1 and Grubbs' 1st generation is not so easy 
to explain. A higher loading for M51 based catalysts was assumed since the ligand sphere 
on the complex is more flexible and should be able to replace the missing chloride ligand 
by binding both oxygen ligands of the ether and carbonyl functions at the same time. But 
this expectation was not met. 
Ionisation with silver tetrafluoroborate
The  catalysts  M51 and  M1 were  additionally  ionised  using  silver  tetrafluoroborate  and 
immobilised in the same manner as described above.
Table 4: Immobilised catalysts using AgBF4 as ionisation agent
name complex Si/Al ratio 
in support
theoretical 
loading
loading found by 
elemental analysis
AMK159 M1 12 0.15 mmol/g 0.10 mmol/g
AMK351 M51 12 0.15 mmol/g 0.03 mmol/g 
The loading for AMK159 as given in Table 4 (according to elemental analysis) is close to 
the one for AMK252 given in Table 2. This may show that the ionisation and decomposition 
rate are the same for silver hexafluorophosphate and silver tetrafluoroborate.
Ionisation with silver nitrate
The catalyst M51 was additionally ionised using silver nitrate and immobilised in the same 
manner as described above. Ionisation using silver nitrate was described by Grubbs et al.  
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figure 26: Comparison for M51  ionised (left) and M1 ionised 
(right)
They  found  the  nitrate  counter-ion  to  be  part  of  the  ligand  sphere  of  the  complex 
afterwards. [67]
This behaviour could lead to a stabilisation of the anticipated ionised species until  it is 
immobilised and the counter-ion is exchanged for the support. So a higher loading could  
be obtained since less complex would decompose between ionisation and immobilisation 
e.g. via dimerisation as shown by Grubbs' [66].
The  ionisation  was  carried  out  using  two  different  complex/silver  ratios  because  the 
solubility of silver nitrate is low in toluene. So the influence of a higher amount of silver 
could have an influence on the ionisation rate and therefore on the loading.
Table 5: Immobilisation of catalyst using AgNO3 as ionisation agent
name complex Si/Al ratio in 
support
Equivalents 
of AgNO3
theoretical 
loading
loading found by 
elemental analysis
AMK265 M51 12 1.1 eq. 0.15 mmol/g 0.11 mmol/g
AMK223 M51 12 11 eq. 0.15 mmol/g 0.11 mmol/g
The results given in Table 5 show that the loading found in elemental analysis is equal for 
both catalysts although for AMK223 9 times more silver was used. This is logical in view of 
the low solubility of silver nitrate in toluene. Even for the reaction with 1.1 eq of silver  
nitrate possibly the complete amount of the salt is not dissolved. Only the small fraction of 
salt that is dissolved is able to react with the complex. Reacted salt is replaced by newly 
dissolved AgNO3. The concentration of silver in the solvent may be considered constant; 
the solution is saturated. The reaction rate of the ionisation should be the same for both  
reactions. So after the reaction time of 15 minutes due to the identical kinetics  for both  
reactions the same amount of complex is ionised and therefore immobilised afterwards.
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figure 27: Ionisation of M51 with silver nitrate
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Compared with the ionisation by silver hexafluorophosphate about twice the amount of  
complex was immobilised. This reinforces the assumption made over the stability of the 
complex ionised with AgNO3. Also both catalysts differ heavily in colour. While AMK246 
(M51/AgPF6/Al-MCM41)  is  light  yellow,  AMK223  (M51/AgNO3/Al-MCM41)  is  of  brown 
colour.
Immobilisation of Piers' catalyst
To  prove  the  concept  of  immobilisation  via  electrostatic  interactions  on  mesoporous 
aluminium doted silicates, a Piers' 1st generation catalyst was immobilised. 
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figure  28:  Comparison of AMK246 (M51/AgPF6/Al-MCM41) and AMK223 
(M51/AgNO3/Al-MCM41)
The  catalyst  is  ionic  by  nature  but  the  positive  charge  is  localised  on  the  carbene 
phosphorus  substituent  (figure  29).  This  makes  the  catalyst  likely  to  leach  when  the 
carbene is  transferred to the first metathesis substrate. Anyhow, catalyst tests with the 
immobilised Piers' catalyst were done successfully but no leaching tests were done.
Table 6: Immobilisation of Piers' catalyst
name complex Si/Al ratio 
in support
theoretical 
loading
loading found by 
elemental analysis
AMK200 Piers' 1st 12 0.20 mmol/g 0.14 mmol/g
In Table 6 the loading according to elemental analysis is given. It is about three quarters of  
the theoretical amount and therefore quite high compared to the ionised catalysts. For the 
Piers'  catalyst  no  loss  during  ionisation  and  filtration  can  occur.  Also  all  of  the  used 
complex is ionised. This leads to the high loading. So the presence of an ionic species 
seems to be crucial for this immobilisation system.
But  still  not  the  complete  amount  of  complex  was  immobilised.  As  given  in  Table  3 
1.21 mmol/g aluminium are present in the material.  Apart  from entropic causes for the 
incomplete immobilisation again the limitation of aluminium centres on the surface of the 
support should be considered. The loading reached with Piers' catalyst can be considered 
the maximum possible.
In the work of Crosman et al. a maximum of 0.1 mmol/g was reached on a support with a 
Si/Al ratio of 20 [58].
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figure 29: Immobilisation of Piers' 1st generation catalyst on Al-MCM41
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Conclusion on the immobilisation via electrostatic interaction
In  preliminary  experiments  silver  salts  were  chosen  for  ionisation  of  M51,  M1 and 
Grubbs' 1st generation  catalyst.  Counter  ions  proved  to  have  influence  on  the 
immobilisation  so  different  silver  salts  were  used.  The assumption  was found true  for 
M51/AgPF6/Al-MCM41 has a lower loading than M51/AgNO3/Al-MCM41.
Also  differences  in  loading resulted  from the  use  of  different  complexes  and  different 
aluminium contents of the support: For a higher aluminium content also a higher loading 
was found.
Piers' catalyst was used to prove the concept of immobilisation via electrostatic interaction 
of metathesis catalysts.  It  is  a commercial  available cationic catalyst.  So no ionisation 
beforehand is necessary and can't therefore have an influence on the efficiency. It also 
showed activity in metathesis.
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3.1.3 Immobilisation via physisorption
Physisorption on silica
Jacobs et al.  [68] described the physisorption of neutral  metathesis catalysts on silica. 
They stirred silica and the catalyst  to be physisorbed (among others M1, Grubbs'  and 
Hoveyda catalyst)  in toluene and afterwards removed the solvent.  Said catalysts were 
used successfully for different metathesis reactions in different solvents. No leaching was 
found for reactions in non polar media like hexane.
The method for preparation of such catalysts is very straightforward: Support and catalyst  
are stirred in toluene for several hours, the supernatant is removed and the catalyst is 
washed using pentane.
The catalysts M1 and M51 were immobilised using this procedure.
Table 7: Physisorbed catalyst on silica
name complex theoretical loading loading found by 
elemental analysis
AMK176 M51 0.015 mmol/g 0.021 mmol/g
AMK317 M51 0.08 mmol/g 0.07 mmol/g
AMK339 M1 0.08 mmol/g 0.07 mmol/g
For the immobilised M51 (0.015 mmol/g, AMK176) the loading found via elemental analysis 
was higher than the theoretical loading (Table 7). This could be due to inhomogeneous 
distribution of the catalyst. When the supernatant is removed some solvent with dissolved 
catalyst  may remain.  When the  solvent  rest  is  evaporated the  dissolved catalyst  may 
precipitate. This may occur inhomogeneously. So the loading of this catalyst could not be 
measured reliably.
Physisorption on Al-MCM41
Since the direct immobilisation via physisorption of M1 and M51 on silica was successful a 
comparison of physisorbed catalysts to the ones immobilised by electrostatic interactions 
became necessary to prove that the immobilisation for the latter ones is not also caused 
by physisorption.
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For the synthesis the Al-MCM41 was stirred in toluene for 1 h. The complex was added 
and both stirred for three days. The toluene was removed under reduced pressure and the 
catalyst was washed with DCM until the filtrate was colourless.
Table 8: Catalysts physisorbed on Al-MCM41
name complex theoretical loading loading found by 
elemental analysis
AMK280 M51 0.15 mmol/g 0.12 mmol/g
For M51 physisorbed on Al-MCM41 the loading found via elemental analysis is about 78 % 
of the theoretical loading (Table 8). This is about as high as the highest loading achieved 
with M51 via electrostatic interaction (M51/AgNO3/Al-MCM41) and higher than the loading 
achieved if AgPF6 is used as ionisation agent. 
This  seems  to  be  strange  on  a  first  sight,  since  the  loading  should  be  the  same  if  
physisorption  is  the  key  interaction  for  both  catalysts.  If  for  M51/AgPF6/Al-MCM41  all 
catalyst is ionised the loading should be higher since the interaction should be so strong 
that no complex is removed through washing in opposite to physisorbed complex.
The higher loading for the physisorbed catalyst could be explained by the fact that no part 
of complex is destroyed by ionisation. So from the elemental analysis only it is not possible 
to tell  if  the ionised catalyst is immobilised by electrostatic interaction, physisorption or  
both forces.
Also the same error as for the physisorption on silica, an unequal distribution of complex 
over the surface, could add to misinterpretations.
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3.2 Analysis of catalysts  
To get a better insight on the actual nature of the synthesised catalysts various analytic  
measurements were made. 
Solid state MAS NMR was used to check for differences in the chemical surroundings.  
Especially  31P NMR was used to  identify if  the ionisation led to  a new species and if 
different immobilisations led to different species.
IR was used to determine change in bonds. This includes interaction of the support with  
immobilised materials and changes within the complexes.
TG was done to see if  more than one species was immobilised. If  these two or more 
species would differ in evaporation temperature, this could be detected. 
BET should give the effect of immobilisation on the surface. A decrease of surface area by 
blocked pores and conglomeration is possible.
3.2.1 NMR
Support
The 27Al NMR spectrum of Al-MCM41 is given in figure 30. The stronger peak at 50 ppm 
represents according to Corma tetrahedral aluminium sites. This means that the aluminium 
atom is fully integrated into the framework and possesses the desired negative charge 
required for the ionic interaction [51]. Octahedral aluminium would give a peak at 0 ppm. 
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figure  30:  27Al MAS spectrum of  Al-MCM41 (104.3  
MHz,  spinning  speed=  10  kHz,  4096  scans,  
relaxation delay 2s)
There is a shoulder found in the spectrum. This corresponds to aluminium oxide which is  
not integrated into theframe work.
Immobilised species
The  31P-NMR spectra of M1 based materials are of special interest, since pure M1 only 
shows one peak at 34 ppm.
In figure 31 the comparison of four different immobilised M1 catalysts is shown. The most 
resemblance is found between M1/Al-MCM41 (b) and M1/AgBF4/Al-MCM41 (c). They show 
the same four peaks at 68, 43 and 28 ppm, but not in the same intensity.  For M 1/Al-
MCM41  it  is  possible  to  conclude  that  the  complex  is  altered  during  the  attempted 
physisorption. More than one compound is present. The same compounds are also found 
for M1/AgBF4/Al-MCM41. This may have two reasons: 
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figure  31:  Comparison  of  31P-NMR of   a) M1/SiO2  (2048  transients), b) M1/Al-MCM41 
(6014  transients),  c) M1/AgBF4/Al-MCM41  (1964  transients)  and 
d) M1/AgPF6/Al-MCM41  (2048  transients)  (162  MHz,  spinning  speed=  12.5  
kHz, relaxation delay 5 s)
1) The part of M1 which reacts with AgBF4 is decomposed and becomes insoluble. The 
filtered-off  solution  contains  only  unreacted  M1 which  undergoes  the  same 
alterations as the simple physisorbed M1.
2) 2) Alternatively one of the peaks may correspond to the ionised immobilised version 
of M1. If only part of the M1 is ionised by AgBF4, the rest may react in the same way 
as the physisorbed M1. Also there would occur ionisation during physisorption for 
M1/Al-MCM41 (perhaps due to ion exchange at the aluminium centres).
Since the peaks are assumed to belong to different species, these species are now given 
the names species A (68 ppm), species B (43 ppm) and C (28 ppm).
The M1/SiO2 (first from bottom) only shows one major peak at 34 ppm. Most likely this 31P 
peak  is  caused  by  M1 physisorbed  on  silica,  since  pure  M1 has  a  chemical  shift  of 
δ=34 ppm. This peak should also be found within the spectrum of M1/Al-MCM41 (b) since 
the support mainly consists of silica. No clear peak at 34 ppm is found in this spectrum, 
however a shoulder on 28 ppm peak is most likely the physisorption peak.
For  M1/AgPF6/Al-MCM41  (d)  five  peaks  are  found,  the  heptuplet  at  -150  ppm 
corresponding to the PF6-Anion, which may stay within the material as residue after the ion 
exchange.  The  peak  at  -30  ppm may correspond  to  hydrolysed  hexafluorophosphate 
according  to  the  work  of  Christe  et  al.  [69].  This  raises  questions  about  the  fate  of 
fluorinated counter  ions  and on possible  reactions by products  such as  HF regarding 
organometallic species.
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In figure 32 the 31P NMR peak of silver hexafluorophosphate is shown. The minor shift to 
the peak in the M1/AgPF6/Al-MCM41 may result from the physisorption.
The peak that was associated with M1 physisorbed on silica is not found in the 31P NMR 
spectra of M1/AgPF6/Al-MCM41 (figure 31 ,d), but may be a shoulder on peak C (28 ppm). 
So physisorption does not seem to be the main force of immobilisation. At 68 ppm a peak 
is found which is assumed to be the one of species A. If a ionisation in M1/Al-MCM41 were 
assumed, it may even be the peak of ionised M1. Additionally peak B and C are found but 
with a low intensity. 
The  comparison  of  the  different  immobilised  compounds  of  M1 in  NMR  show  clear 
differences. The M1/SiO2 compound shows big differences with M1/Al-MCM41 which shows 
that the physisorption on Al-MCM41 leads to a reaction of parts of the complex. 
Differences between M1/AgPF6/Al-MCM41 and M1/AgBF4/Al-MCM41 show that the counter 
ion  of  the  silver  compound  has  a  strong  effect  on  the  immobilised  catalyst  as  was 
supposed after the pre-tests.
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figure 32: 31P peak of AgPF6
No major differences were found within the  1H spectrum of the M1 and M51 compounds. 
13C spectra was also done for the majority of catalysts and only showed very weak and few 
signals (they are given in the annex).
It  is  possible that one of the  31P NMR peaks results from free tricyclohexyl  phosphine 
which develops if M1 is destroyed. So PCy3 was physisorbed on Al-MCM41. The sample 
was separated into two fractions, one stored under air (8 weeks) and the other one under  
argon.
Direct comparison of the two materials stored differently shows only a minor difference 
(figure 33). An additional very broad and not very intense peak at 35 ppm is found for the  
sample stored under air.  At the same shift  a broad peak is found in the M 1/AgPF6/Al-
MCM41 spectrum. But the others two peaks from the PCy3 spectrum (at 56 and -6 ppm) 
are not found.
If PCy3 results from the ionisation or immobilisation the amounts are very low and/or they 
are removed during the washings.
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figure 33: 31P NMR spectrum of PCy3 physisorbed on Al-MCM41 stored under  
argon (left) and stored under air (right)
3.2.2 IR
IR spectra of the different catalysts were recorded.
The IR spectrum of Al-MCM41 (shown in figure 34) presents the peak of the free silanol 
groups  at  about  3750  cm-1. Below  2000  cm-1 the  oscillation  of  Si-O-Si-groups  are 
stimulated.
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figure  34:  IR  spectrum  of  Al-MCM41  (heated  in  UHV  at  
500 °C)
In figure 35 is reported the IR spectrum of M51/AgPF6/Al-MCM41 between 1400 and 4000 
cm-1. The peaks at about 1600 and 3000 cm-1 indicate the presence of the M51 complex. At 
around 3000 cm-1 the C-H-bonds stretching vibrations are stimulated, over 3000 cm -1  the 
sp2 ones and under the sp3 ones. The IR spectrum of pure M51 is too complex to compare 
it for differences due to ionisation and immobilisation (figure 36). 
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figure 36: IR spectrum of M51
figure 35: IR spectrum of M51/AgPF6/Al-MCM41
The peak at 3750 cm-1 in figure 35 corresponds to the free silanol groups on the Al-MCM41 
surface (peak a). The broader peak at 3600 cm -1 may correspond to free silanol groups 
interacting with an immobilised species (peak b).
In  figure 37 there are also the complex's peaks at 1500 and 2800 cm -1, and the silanol 
groups are also represented by peak a at 3750 cm -1. Additionally there is an even broader 
peak between 3600 and 3200 cm-1  (peak b).  If  peak a  corresponds to  silanol  groups 
interacting with immobilised complex, peak b could be a more diffuse interaction. The long 
range and not directed interactions have a different influence on the silanol group. The 
strength on the effect depends on the distance and the number of groups interacting. This 
strength has an effect on the oscillation and therefore the wavenumber in IR.
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figure 37: IR spectrum of M1/AgPF6/Al-MCM41
In  figure  38 the  IR  spectrum  of  M1/SiO2 is  given.  Compared  to  the  IR  spectrum  of 
M1/AgPF6/Al-MCM41 in figure 37 there is more area to peak c than b. So there is less of 
the stronger directed inter action. This in line with the results from NMR if the b peak of IR 
is associated with the A peak at 68 ppm in NMR. So the direct interaction might be caused 
by an ionised species.
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figure 39: IR spectrum of M1
figure 38: IR  spectrum of M1/SiO2
In figure 40 the IR spectrum of Grubbs' 1st/AgPF6/Al-MCM41 is shown. The peaks at 1400 
and 2900 cm-1 correspond to the surrounding ligands in the complex. At 3750 cm -1 peak a 
shows that not all free silanol groups where consumed during immobilisation.
There is also peak b but in the region for peak c, only minor intensity is found.
In  figure 41 the IR spectrum of Piers 1st/Al-MCM41 is shown. The peaks at 1400 and 
3900 cm-1 correspond to the complex. The peaks a and c are found. So free silanol groups 
and others with strong van der Vaals interactions are present.
54
figure 40: IR spectrum of Grubbs' 1st/AgPF6/Al-MCM41
figure 41: IR spectrum of Piers 1st/Al-MCM41
IR was also done for M51/AgBF4/Al-MCM41, M1/AgBF4/Al-MCM41, M51/SiO2,  M1/SiO2, 
M51/AgNO3/Al-MCM41, M51/Al-MCM41 and M1/Al-MCM41 with the same results (spectra 
are given in the annex).
IR spectroscopy showed that for the different catalysts, complexes are immobilised. An 
influence on the free silanol  groups was found. Two different types of interactions are 
assumed: directed and diffuse ones. In  figure 42 various possible interactions between 
silanol and complex compounds are displayed. This corresponds with findings from NMR 
in the sense that  different  components may be immobilised for  different  complexes in 
different  amounts.  But  the  nature  of  this  immobilisation  could  not  be  determined. 
Especially a distinction between ionised and not ionised complexes could not be made. 
Crosman et al. found only signals for diffused interaction in his work. Most likely the kind of 
interaction is strongly dependent on the nature of the complex [58].
3.2.3 BET
Surface areas with the BET method were measured [70].
Table 9: BET surface areas for different immobilised catalysts
Al-MCM41 M51/Al-MCM41
BET area (m2/g) 1035 1077
The surface area of the support in Table 9 is slightly smaller than that of the material with 
immobilised complex. Considering the errors related to measuring they are very similar. So 
no noticeable change of surface area is found after immobilisation.
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figure 42: Possible types of inter actions of silanol groups
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Table 10: BET surface areas for support and physisorbed catalyst
SiO2 (Aerosil) M51/SiO2
BET area (m2/g) 378 273
For the physisorption on silica a loss in surface area of about 100 m2 is found (Table 10). 
Since silica has no pores the surface decrease is  caused by conglomeration of  silica 
particles. The starting silica used is a very fine powder and becomes visibly bigger after 
immobilisation.
3.2.4 TG
In  figure 43 the profiles for M51/AgPF6/Al-MCM41and M51/Al-MCM41 are compared with 
the  support  Al-MCM41.  Most  surprising  is  that  the  support  looses  more  weight  up  to 
200 °C than the immobilised M51/AgPF6/Al-MCM41. All volatile compounds on the support 
should  be  also  on  the  immobilised  catalyst.  The  difference  could  be  caused  by  the 
washing and drying procedure the immobilised compound was subjected to. In general we 
see  two  major  weight  losses  for  the  immobilised  catalysts,  one  between  the  initial 
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figure  43: Thermogravimetric profile of two different immobilised M51 catalysts and the  
support Al-MCM41
temperature and 200 °C and one between 200 °C and 400 °C. The first is, as mentioned 
before, assorted to the loss of solvent and support residues. The second loss should be 
caused by decomposition of complex and evaporation of the residues.
The  differences  in  the  amount  of  the  second  loss  between  M51/Al-MCM41  and 
M51/AgPF6/Al-MCM41 can be attributed to the different loadings. This is supported by the 
ICP elemental analysis results. The temperatures at which these losses occur are a bit 
higher for M51/AgPF6/Al-MCM41. This may lead to the conclusion that the complexes or 
interactions in both catalysts are different.
In  figure 44 comparison between M51/SiO2 and M51/Al-MCM41 is given. For M51/SiO2 
only  a  very  low  weight  loss  occurs  until  150  °C.  Regarding  the  beginning  of  the 
temperature window within which the second weight loss occurs, both substances show 
very similar behaviour, although the window is wider for M51/Al-MCM41.  The amount of 
the second weightloss is again explainable by the loadings found via ICP.
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figure 44: Thermogravimetric profile of M51/SiO2 and M51/Al-MCM41
The  thermogravimetric  curves  in  figure  45 show  only  small  differences  between 
M51/AgBF4/Al-MCM41 and M51/AgPF6/Al-MCM41. Only M51/AgPF6/Al-MCM41 starts its 
second weight loss at higher temperatures and also stops at higher temperatures. This is 
similar to the comparison of  M51/AgPF6/Al-MCM41 to M51/Al-MCM41 in figure 43.
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figure 45: Thermogravimetric profile of M51/AgBF4/Al-MCM41 and M51/AgPF6/Al-MCM41
If  M51/AgBF4/Al-MCM41 is directly compared to M51/Al-MCM41 it becomes obvious that 
they share more similarity than both do with  M51/AgPF6/Al-MCM41. They loose weight in 
the same temperature region.
So the TG results seem to support the results from NMR analysis. Information is taken 
from the temperature window the second weight loss occurs within. M51/AgPF6/Al-MCM41 
shows different  behaviour  from all  other  catalysts.  M51/AgBF4/Al-MCM41 and  M51/Al-
MCM41 show similar  behaviour.  M51/SiO2 starts  at  the same temperature as M51/Al-
MCM41 but weight loss is finished at a lower temperature. The temperature window is  
narrower. This could be a sign that there is only a single component immobilised.
That the second weight loss of M51/AgPF6/Al-MCM41 does happen at temperatures up to 
400 °C could be associated with a strong ionic interaction between complex an support.
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figure 46: Thermogravimetric profile of M51/Al-MCM41 and M51/AgBF4/Al-MCM41
3.2.5 XRD
An X-ray diffractogram of the support was done before the start of the thesis.
The diffractogram given in figure 47 shows the typical peaks of a MCM41 material. Only 
between 4 and 5 °2 θ two narrower peaks were expected, instead of one broad peak.
Also  an  X-ray  diffractogram  of  the  immobilised  catalyst  M51/AgPF6/Al-MCM41  was 
recorded. No difference between pure support and immobilised catalyst was found.
Analysis of catalysts
Analysis of the synthesised materials gave information over the nature of the immobilised 
catalysts.
31P-NMR showed that for M1/AgPF6/Al-MCM41 only one dominant species is found. IR 
measurements showed that there are two different interactions with the free silanol groups 
of the support. These interactions may part into H-bonding inter actions and interactions of  
the free electron pairs of the oxygen (figure 48).
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figure 47: X-ray diffractogram of Al-MCM41
For M51/AgPF6/Al-MCM41 no 31P-NMR could be done. It is assumed that there is also just 
one species (figure 49). 
Also only one kind of interaction was found via IR.
For the physisorbed M1/Al-MCM41 and the ionised M1/AgBF4/Al-MCM41 in the  31P-NMR 
three different species were found. One of them was considered to be the ionised M 1. TG 
further confirmed the theory that there is only one species at M51/AgPF6/Al-MCM41.
All proposed species would explain the found analytic results but they are not proven. 
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figure  49:  Proposed  structure  for  
M51/AgPF6/Al-MCM41
figure  48:  Proposed  structure  for  
M1/AgPF6/Al-MCM41
3.3 Catalysis  
Catalyses for different metathesis reactions were carried out to compare the performances 
of these catalysts. If not mentioned differently all catalysis were carried out twice to confirm 
the results. The average is given.
3.3.1 Substrates
Methyl oleate (MO,  figure 50) was used for the reactions. It is a fatty acid methyl ester 
(FAME) that can be derived from biomass. It is produced in industrial scale as biodiesel.
Methyl oleate 98%
Methyl  oleate (Z-form) with  a 98% grade was used as  model  substance to  show the 
reactivity towards FAME without impurities interacting.
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figure 51: GC of MO 98% with solvent (iso-propanol) and standard (tetradecan)
figure 50: Methyl oleate
O OMe
In figure 51 the gas chromatogram (GC) of MO 98% is given. Peroxides that could arise 
under the influence of oxygen are removed by filtering the substrate over an alumina plug 
prior to use.
Lubrirob
Lubrirob is a FAME mixture from Novance, France. 
It contains about 80% MO. Other contents are methyl palmitate (A) (4%), methyl stearate 
(B) (3%), methyl linoleate (C) (8%) and methyl linolenate (D)(<1%). The two latter ones 
(blue) are not fully saturated and therefore can undergo metathesis as well. 
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figure  52: GC of Lubrirob with solvent (toluene, RT=8.6 min) and standard (tetradecan,  
RT=14.6 min)
This  makes  analysis  of  the  resulting  reaction  mixtures  more  difficult.  Additionally  the 
possibilities of substances interfering with the catalysts activity is higher.
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figure 53: Main impurities within Lubrirob
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Methyloleate from oleic acid
Oleic acid was provided by Arkema, France and esterified with methanol.
The methyl oleate made from oleic acid contains a different variety of impurities inclusively 
acids. In the GC in figure 54 methyl palmitate (A), methyl stearate (B), methyl linolate (C) 
and methyl linolenate (D) are visible. This also makes analysis of product mixtures more 
difficult and may offer new ways for catalyst deactivation.
3.3.2 Systematics of catalysed reactions
Three different types of reactions were catalysed: Self metathesis (SM), ethenolysis and 
cross metathesis (CM).
The self metathesis is a side reaction in all metathesis reactions. Therefore knowing the 
activity  of  catalysts  in  this  reaction  may  be  helpful  to  understand  the  reactivity  in 
ethenolysis and cross metathesis.
65
figure  54: GC of MO from oleic acid with solvents (toluene, iso-propanol) and standard  
(tetradecan, RT= 14.6 min)
Self metathesis
The first reaction to be tested was the self metathesis (SM).
Theoretically only 2 products are possible, with the E- and Z-isomer respectively.
In figure 56 the GC of the SM of MO (1) with the products 9-octadecene (2) and dimethyl  
9-octadecene-1,18-dioate (3) is shown. Also visible are some of the peaks for the E/Z-
isomers (the E-isomer always being at higher retention times).
If  Lubrirob  is  used,  of  course  additional  products  derive  from  SM  and  CM  with  the 
unsaturated compounds. So reaction with 98% grade MO also gives a help for the SM of 
Lubrirob regarding the retention time of the wanted products.
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figure 56: GC of the SM of MO (numbering according to figure 55)
figure 55: Self metathesis (SM) of methyl oleate (MO)
Conversion is calculated from the GC. Tetradecane is used as an internal standard.
Conversiont= x=
Rt=0−Rt= x
R t=0
⋅100
Rt=x=
Area t=x (MO)
Area t= x (TD)
The ratio of the area of methyl oleate in the GC to the area of tetradecane (TD) in the GC 
is calculated. Using an internal standard and the ratio allows to use not an exact amount of 
reaction solution.
The ratio of a sample at given time t=x is subtracted from the ratio at t=0, parted by the  
ratio at t=0 and multiplied with 100 to give the conversion in %.
For example the GC from figure 56 is taken:
Areat=0 Areat=3 h
tetradecane 1275163 993378
methyl oleate (E and Z) 11838670 4041210
Then Rt=0 and Rt=3 h are calculated:
Rt=0=
Area t=0(MO)
Area t=0(TD )
=11838670
1275163
=9.28
Rt=3h=
Area t=3h(MO)
Areat=3h(TD )
=4041210
993378
=4.07
So the conversion is calculated:
Conversiont=3h=
Rt=0−Rt=3h
Rt=0
⋅100=9.28−4.07
9.28
⋅100=56%
The reactions are carried out in Schlenk tubes. Substrate and standard are mixed and a 
sample is taken before addition of the catalyst. Aliquot samples are taken after the given 
time and quenched with isopropanol.
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Ethenolysis
Ethenolysis is a special case of a cross metathesis. 
Since ethylene is a symmetrical olefin only two products should be produced with MO. 
In figure 58 the GC of the ethenolysis of MO at 79% conversion and 48% selectivity for the 
ethenolysis products. The ethenolysis products 1-decene (4) and 9-undecenoate (5) are 
visible and  again the self metathesis products (2)+(3) are observed, too .
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figure 57: Ethenolysis of methyl oleate
figure 58: GC of the Ethenolysis with MO
Conversion is calculated based on the consumption of methyl oleate as shown for the self 
metathesis.  Selectivity was calculated from the product ratio.  The corrected area A c is 
used. The corrected area is calculated from the measured area using the effective carbon 
(a table of the values for the calculation is given in the annex). The self metathesis of  
methyl oleate is assumed to be the only side reaction occurring. 
Selectivity t= x=
∑ At=xc ( products of ethenolysis)
∑ At=xc (all products)
At= x
c =
Area t=x ( product)
effectiveCarbon( product )
To give an example the selectivity for the product spectrum of figure 58 is calculated.
Product 9-octadecene (2)
dimethyl 9-octadecene-1,18-dioate 
(3)
9-undecenoate 
(5)
1-decene 
(4)
Area 3019206 1313544 311452 1916049
effective 
carbon
17.9 17.4 9.65 9.9
At=3h
c (9−octadecen)=
Area t=3h(9−octadecen)
effective Carbon(9−octadecen)
=3019206
17.9
=168670.7
Product 9-octadecene 
(2)
dimethyl 9-octadecene-1,18-dioate 
(3)
9-undecenoate 
(5)
1-decene 
(4)
correcte
d area
1686707 75491 32274 193540
So the selectivity is:
Selectivityt=3h=
∑ At=3hc ( products of ethenolysis)
∑ At=3hc (all products)
⋅100
Selectivity t=3h=
At=3h
c (9−undecenoate)+At=3h
c (1−decene)
∑ At=3hc (all products)
⋅100
Selectivityt=3h=
32274+193540
1686707+75491+32274+193540
=11%
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Selectivity  is  a  major  key  parameter  for  catalyst  performance  in  cross  metathesis. 
Therefore it is included in the calculation of the turn over number. The loadings used to 
calculate all TONs are based on the ruthenium loading of catalysts found with elemental  
analysis (ICP).
TON t=x=
Conversiont=x
Loading
⋅Selectivity t= x
To give the example for the reaction from figure 58:
TON t=3h=
79%
0.5
⋅48%
100
=76
Anyway for the evaluation of a catalyst not only the conversion, selectivity or TON should 
be considered since separation of single components and usability of side products also 
have a high effect on the efficiency of processes.
For  the  catalytic  tests  autoclaves  were  used.  Catalysts  were  mixed  with  solvent  and 
substrate and 10 bar of ethylene were added. Aliquot samples were taken after the given 
time and quenched with isopropanol.
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Cross metathesis
Cross metathesis is carried out with two kinds of cross partners:  α-olefins and  internal 
olefins. In the cross metathesis with MO,  α-olefins give four different products. Two are 
identical to the ethenolysis products of MO.
Apart from ethenolysis catalysts were also tested in more demanding cross metathesis 
reactions. Acrylates with varying chain lengths and nitriles were used as cross partners. 
These molecules have functional groups that are able to act as ligands especially in close 
proximity to the double bond. Therefore deactivation by formation of stable complexes 
could occur. 
To give an example the CM between methyl oleate and methyl  methacrylate (MMA) is 
given in figure 60.
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figure 59: Cross metathesis of methyl oleate and a trisubstituted olefin (non stoichiometric)
An example of a GC spectrum for the same cross metathesis is given in figure 61.
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figure 61: GC of the CM of MO with methyl methacrylate (MMA)
figure 60: Cross metathesis of methyl oleate and Methyl methacrylate (non stoichiometric)
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Cross metathesis with unsymmetrical partners leads to a broader range of products. For 
the cross metathesis with methyl methacrylate (figure 61) beside the ethenolysis products 
1-decene (4/d) and 9-undecenoate (5/b) also the esters methyl 2-methylundec-2-enoate 
(6/c)  and   dimethyl  2-methylundec-2-endioate  (a) are  generated.  The  self  metathesis 
products (2/f) and (3/e) may be observed, too.
Selectivities and TONs are calculated in the same way as for the ethenolysis.
 
Selectivity=∑ Rt=x (CM products)
∑ Rt= x(all products)
Rt= x=
Area t=x ( product)
effectiveCarbon( product )
For cross metathesis of MO with non α-olefins, only crotonitrile and methyl crotonate were 
used. Half of the products for these reactions are identical with half of the products of the 
reactions with acrylonitrile and methyl acrylate respectively.
3.3.3 Repeatability
During the catalyst screening a problem within reaction repeatability became apparent. So 
for  8 reactions with  M51/AgPF6/Al-MCM41 at  the same conditions varying results  were 
obtained. The reactions were carried out in pairs, which means they where carried out in  
parallel at the same time to guarantee identical conditions.
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In  figure 62 the conversions for these 8 reactions are compared. The reaction pairs are 
named A and B respectively. Obvious is the high variation despite the identical reaction 
conditions.  The  standard  deviation  is  σ=11.2  percentage  points,  which  is  42% of  the 
average. For the pairs the standard variations are much lower.
Table 11: Average and standard deviation for the reaction pairs
Reaction pair Average Standard deviation
1 20.0% 1.4 pp (7%)
2 42.5% 3.5 pp (8%)
3 28.5% 7.8 pp (27%)
4 16.5% 0.7 pp (4%)
The maximum in Table 11 is the deviation for pair 3 with 7.8 percentage points, which is 
27% of the average. 
This smaller deviation for the pairs led to the conclusion that factors which were not yet 
considered had major influence on the conversion.
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figure 62: Conversions of self metathesis of MO (0.02 mol-%, RT, toluene, 3 h)
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Analysis was checked first. But exchanging the internal for an external standard did not 
solve the problem. Checking for flaws within the analysis of the t0  sample gave also no 
results.
Cross checking with the lab co workers for potential catalyst inhibiting materials within their  
work also resulted in no obvious influence on the reaction.
Oxygen levels  within  the  glove box were checked and did  also have no influence on 
catalyst performance.
So no possible influence on the catalyst  performance which would explain the varying 
results could be found.
For the catalysed metathesis of FAME the phenomena of failing repeatability was already 
documented by Montenegro and Meier [41]. They saw impurities within the substrates or 
inhomogeneously distributed catalyst as a reason. Latter cause should not be a problem 
due to high stirring speed. But additionally inhomogeneity within the catalyst batch may 
have an influence.
Due to limited time and considering that this would have consumed a lot of lab time, this 
question was left open and all reactions were carried out twice to eliminate some errors.
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3.3.4 Self metathesis of methyl oleate (98% grade)
Variation of immobilisation methods - M51
Table 12: Self metathesis of MO,180 min. at RT
Catalyst Conversion TON Load solvent
M51/AgPF6/Al-MCM41 45% 5000 0.009 mol-% toluene
M51/Al-MCM41 0% 0 0.0018 mol-% pentane
M51/SiO2 39% 21000 0.0018 mol-% pentane
M51 39% 21000 0.0018 mol-% toluene
All loadings are calculated based on the catalysts ruthenium loading found via elemental  
analysis (ICP).
In  Table  12 the  conversions  for  different  immobilisation  methods  are  compared.  Most 
interestingly  homogeneous M51  and M51 physisorbed on silica  show no differences in 
performance for this reaction (although solvent effects were not tested). Pentane was used 
for experiments with physisorbed catalysts because leaching was stated by Jacobs et al.  
for all used polar solvents [68]. There seems to be no change between M51 and M51/SiO2 
due to the immobilisation. For M51 physisorbed on Al-MCM41 no conversion on these low 
levels of loading occur. So there is a huge difference between the physisorption on Al-
MCM41 and silica.
The ionised M51 on Al-MCM41 shows a lower TON at a catalysis carried out at a five time 
higher  loading  than  the  homogeneous  M51.  The  substrate  is  not  fully  converted,  so 
deposition of the expected ionic species obtained via reaction between M51 and AgPF6 
leads to a much less active catalyst. 
Also there is a difference between the physisorbed and the ionised M5 1 on Al-MCM41. 
This seems to be logical since the NMR analysis indicated that different species derive 
from physisorbed and ionised catalysts. The inactive species would be the one called B or 
C since these were the ones missing in the NMR for the ionised immobilised catalyst.
The same would be true for a comparison of M51/SiO2 and M51/Al-MCM41. It could be 
caused by the development of a different species (B) during physisorption on Al-MCM41 
as seen in the NMR.
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Variation of ionisation agent
Table 13: Self metathesis of MO in toluene, 180 min. at RT
Catalyst Conversion TON Loading
M51/AgPF6/Al-MCM41 51 510 0.1 mol-%
M51/AgNO3/Al-MCM41 50 500 0.1 mol-%
In  Table  13 the  results  of  the  3  hour  catalysis  at  RT  for  M51/AgPF6/Al-MCM41  and 
M51/AgNO3/Al-MCM41  are  shown.  Conversion  and  therefore  TON  suggested  a  very 
similar performance for both catalysts.
In  Figure 63 the conversion over time is shown for both catalysts. Both have reached a 
maximum conversion after 30 minutes, M51/AgNO3/Al-MCM41 even after 15 minutes.
The reaction was repeated with half loading to have a better insight on the comparison.
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Figure 63: Kinetic of the self metathesis of MO (0.1 mol-%, RT, toluene)
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In  figure  64 the  conversion  over  time for  this  reaction  are  shown.  For  M51/AgNO3/Al-
MCM41 the equilibrium is again reached after about 15 minutes and remains constant. 
The final  conversion  is  the  same,  as  for  the  reaction  at  a  loading of  0.1  mol-%.  For  
M51/AgPF6/Al-MCM41 the maximum conversion is less than 30 percent and that is only 
reached after  more than 120 minutes. For this reaction we find a definite difference for the 
catalysts depending on the ionisation agent used in their synthesis. The catalysts for which 
AgNO3 was used performed much better than the one in which AgPF6 was applied.
This may derive from a higher stability of the ionised M51 complex when AgNO3 is used. 
According to Grubbs et al. the nitrate may be introduced into the coordination sphere as a 
ligand  [67]. This would explain the higher loading of the M51/AgNO3/Al-MCM41 catalyst 
and the better performance due to less deactivation.
Immobilisation of M1
Table 14: Self metathesis of MO in toluene, 180 min. at 60°C
Catalyst Conversion TON Loading
M1/AgPF6/Al-MCM41 12% 40 0.3 mol-%
M1 35% 110 0.3 mol-%
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figure 64: Kinetic of the self metathesis of MO (0.05 mol-%, RT, toluene)
From the data presented in  Table 14 it  is obvious, that immobilisation via electrostatic 
interaction has a negative effect on the performance of M1 in the self metathesis of methyl 
oleate. The lower conversion for homogeneous M1 at a higher loading than that depicted in 
Table 12 for homogeneous M51 proves that M1 is less active in this catalysis. The same 
relation applies to the immobilised species.
Addition of substrate to enhance performance
MO was reacted over M51/AgPF6/Al-MCM41 using an initial catalyst loading of 0.07 mol-% 
(RT, toluene).
After 1 h the same amount of substrate was added. This was repeated 4 times. At the 
same time samples were taken.
As demonstrated in  figure 65 only within the first hour a conversion could be measured. 
Every additional added substrate is not converted, i.e., deactivation has happened within 
this hour.
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figure 65: Repeated addition of substrate
3.3.5 Self metathesis of Lubrirob
Immobilisation methods
Table 15: Self metathesis of Lubrirob, 180 min. at RT (all reactions carried out in single)
Catalyst Conversion TON Loading solvent
M51/AgPF6/Al-MCM41 36% 1000 0.036 mol-% toluene
M51/Al-MCM41 0% 0 0.036 mol-% pentane
M51/SiO2 0% 0 0.036 mol-% pentane
M51 51% 1400 0.036 mol-% toluene
In Table 15 the performance of M51/AgPF6/Al-MCM41 is compared to catalysts based on 
neutral  M51.  It  performs better than M51 physisorbed on Al-MCM41(although a solvent 
effect can not be excluded). This encourages the theory that the catalytic performance of 
M51/AgPF6/Al-MCM41 is not caused by residual physisorbed M51. If that would be the case 
the performances of both catalysts should be comparable.
Additionally   M51/AgPF6/Al-MCM41  performance  was  better  than  M51/SiO2  which  was 
inactive.  This could be attributed to the estimated loading which may be in fact much 
lower.
Immobilisation of M1
Table 16: Self metathesis of Lubrirob in toluene, 180 min. at 60 °C
Catalyst Conversion TON Load
M1/AgPF6/Al-MCM41 7% 20 0.3 mol-%
M1 35% 110 0.3 mol-%
In  Table 16 M1/AgPF6/Al-MCM41  is compared to M1.  The performance of the unaltered 
complex is higher than that of the ionised and immobilised complex. So ionisation and 
immobilisation has in this case a negative effect on catalyst performance. Also notable is 
that the catalyst performance of homogeneous M1 at 0.3 mol-% (C=35%) is is abut as 
good  as  the  performance  of  M51/AgPF6/Al-MCM41  at  0.036  mol-%  (C=36%).  This 
underlines the assumption that the performance of immobilised catalysts is highly based 
on the complex used.
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Variation of the ionisation agent
Table 17: Self metathesis of Lubrirob in toluene, 180 min. at RT
Catalyst Conversion TON Load
M51/AgPF6/Al-MCM41 48% 480 0.1 mol-%
M51/AgNO3/Al-MCM41 45% 450 0.1 mol-%
The results from Table 17 show a conversion for M51/AgPF6/Al-MCM41 in the same range 
as for M51/AgNO3/Al-MCM41. 
This is surprising since the performance of the latter one was much better for the 98% 
grade methyl oleate. If impurities would be considered the main cause for inactivation the 
performance should decrease in similar fashion for lowering the loading and for lowering 
the purity of the substrate, since the ratio of active centres to catalyst poison is decreasing.
On the other hand the mixture of impurities may change with higher purification of the 
substrate.  So  the  difference  in  reactivity  trends  could  be  caused  by  different  catalyst 
poisons.
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figure 66: Kinetic for the self metathesis of Lubrirob (0.1 mol-%, toluene, RT)
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In figure 66 the conversion over time for both catalysts at 0.1 mol-% loading is illustrated.  
M51/AgNO3/Al-MCM41 reaches the maximum conversion after 20 minutes at most (the 
first  sample  was  taken  after  this  time).  M51/AgPF6/Al-MCM41  reached  the  maximum 
conversion after three hours. So the M51/AgNO3/Al-MCM41 still is the more active catalyst. 
In the kinetic study it also reaches a higher conversion. This is most likely connected to the 
repeatability issue discussed in chapter 3.3.3.
Different complexes
Table 18: Self metathesis of Lubrirob in toluene, 180 min. at RT
Catalyst Conversion TON Load
M51/AgPF6/Al-MCM41 54% 540 0.1 mol-%
M1/AgPF6/Al-MCM41 0% 0 0.1 mol-%
In  Table  18 the  conversion  of  M51/AgPF6/Al-MCM41  is  compared  to  the  one  of 
M1/AgPF6/Al-MCM41. The latter one shows no conversion at the chosen loading. This is 
attributed to the lower impurity tolerance of M1 and goes well along with the performance 
for higher purity MO.
Conclusion for the self metathesis of methyl oleate
In conclusion the ionised immobilised catalysts are active in the self metathesis of methyl  
oleate. Therefore a first aim of the work was achieved although the immobilised species is 
less active than the homogeneous complex which leaves room for improvement.
The lower activity may have several causes. Residual silver chloride may block the pores 
and therefore make the cationic complex unreachable. Pore diffusion in general may also 
have a negative effect. The behaviour of the cationic species may also differ greatly from 
the original complex, as they could be less reactive due to the removal of one chlorine 
atom, therefore deactivation may result faster.
For the ionisation of M51, M51/AgNO3/Al-MCM41 works better than M51/AgPF6/Al-MCM41 
in the self metathesis of high purity methyl oleate. For lower purity (Lubrirob) the same is 
true. TONs drop for both catalysts when Lubrirobe is used as starting material.
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3.3.6 Ethenolysis
Variation of immobilisation methods
Table 19: Ethenolysis of MO in toluene (M51/AgPF6/Al-MCM41, M51) resp. pentane 
(M51/Al-MCM41, M51/SiO2), 24 h at 60°C
Catalyst Conversion Selectivity TON Load
eth self eth self
M51/AgPF6/Al-
MCM41
53% 29% 71% 30 70 0.5 mol-%
M51/Al-MCM41 22% 9% 81% 4 40 0.5 mol-%
M51/SiO2 76% 77% 23% 110 30 0.5 mol-%
M51 92% 94% 6% 170 10 0.5 mol-%
In Table  19 conversion  and  selectivity  in  ethenolysis  of  methyloleate  for 
M51/AgPF6/Al-MCM41  are  compared  to  the  other  M51  based  catalysts.  M51  in  its 
homogeneous form obviously gives the best result with over 90% conversion and 94% 
selectivity  (double  bond  isomerisation  occurred,  so  all  homologues  of  the  ethenolysis 
products  were  considered as products  for  the selectivity  calculation).  Physisorption on 
silica does only seem to have minor influence compared to physisorption on Al-MCM41 or 
ionisation and immobilisation on Al-MCM41. This is reinforced by the results of the  31P 
NMR for  M1 which  showed no change for  the  physisorption  on SiO2 but  several  new 
species for physisorption on Al-MCM41. This should also apply for M51.
The comparison of M51/AgPF6/Al-MCM41 and M51/Al-MCM41 shows that ionisation seems 
to have a positive influence on the catalyst performance. It definitely demonstrates again 
that  there  is  a  difference  between  only  physisorbed  catalyst  and  the  ionised  and 
immobilised  one.  The  species  B  and  C  found  in  31P  NMR  may  be  also  inactive  in 
ethenolysis  and only species A catalyses the reaction. The percentage of this species  
within  the  catalyst  physisorbed  on  Al-MCM41  is  lower  than  within  the  ionised  and 
immobilised one.
A direct comparison between the two physisorbed catalysts is not possible since they were 
synthesised differently (compare “Physisorption of homogeneous complexes on supports
other than Al-MCM41“ and “Physisorption of homogeneous complexes on Al-MCM41” on 
page 114).
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Variation of ionisation agent
Table 20: Ethenolysis of MO in toluene, 24 h at 60°C
Catalyst Conversion Selectivity TON Load
Etheno. Self meta. Etheno. Self meta.
M51/AgPF6/Al
-MCM41
53% 29% 71% 30 70 0.5 mol-%
M51/AgNO3/Al
-MCM41
78% 47% 53% 70 80 0.5 mol-%
The comparison  of  M51/AgPF6/Al-MCM41 to  M51/AgNO3/Al-MCM41 illustrates  a  higher 
conversion and selectivity for the latter. Obviously the counter ion of the ionisation agent 
has also influence on the catalyst performance of the immobilised catalyst with regards to 
selectivity and therefore most likely reactivity towards different substrates [71]. This would 
most likely derive from a difference in structure of the immobilised complexes.
In  figure 67 both competing reactions are shown. While a reverse reaction for the self 
metathesis is possible, for the ethenolysis th reverse reaction should be restricted due to  
the high pressure of ethylene in the autoclave. The same is true for the ethenolysis of self  
metathesis  products.  Thus the  ethenolysis  products  are  a  kind  of  trap  from which  no 
further reaction occurs. This should lead to a complete conversion and 100% selectivity 
over time. Since this is not the case for any reaction there is some hindrance. The self 
metathesis was found to take place before the cross metathesis by Kadyrov et al. [39]. So 
if  the  catalyst  is  deactivated  before  the  self  metathesis  products  are  converted  into 
ethenolysis  products,  100%  selectivity  could  not  be  reached.  The  same  applies  to 
conversion of the self metathesis which is limited by statistical means due to the reverse 
reaction. Through catalyst substrate interaction it is not limited to the amount of 50% but to 
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figure 67: Ethenolysis and self metathesis as competitive reactions
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about 60% as the self metathesis experiments of chapter 3.3.4 already demonstrated. So 
only after some of the self metathesis products have undergone ethenolysis further self  
metathesis can occur. These facts lead to a time dependence of the amount of ethenolysis 
product. At the same time it is assumed that the catalyst degenerates over time and with 
the number of  catalyst  cycles.  Both,  the time consumption and the additional  reaction 
cycles carried out by the catalyst, add to the decay of catalyst concentration and therefore 
rising of self metathesis product content.
Different complexes
Table 21: Ethenolysis of MO in toluene, 24 h at 60°C
Catalyst Conversion Selectivity TON Loading
Etheno. Self meta. Etheno. Self meta.
M51/AgPF6/Al-
MCM41 53% 29% 71% 30 70 0.5 mol-% 
M1/AgPF6/Al-
MCM41 <5% 100% 0% <10 0 0.5 mol-%
The comparison of the different complexes M1 and M51 ionised as well as immobilised in 
the same way give an interesting result. While the conversion for M51/AgPF6/Al-MCM41 is 
about 50% the one of  M1/AgPF6/Al-MCM41 stays under 5%. On the other hand only 30% 
of  the  products  for  M51/AgPF6/Al-MCM41  are  ethenolysis  products  whereas  for 
M1/AgPF6/Al-MCM41 there are no self metathesis products. Of course at a conversion of 
less than 5% this is not useful but that could be met upon increasing the catalyst loading.
Piers' catalyst was checked for general activity within the ethenolysis.
Table  22: Ethenolysis and self metathesis with Piers' 1st/Al-MCM41, Ethenolysis: 60 °C,  
24 h,toluene, SM: RT, 3 h, toluene
Catalyst Conversion Selectivity TON Loading
Ethenolysis 46% 100% 60 0.7 mol-%
Self metathesis* <5% 100% <7 0.7 mol-%
*reaction not doubled
The comparison of ethenolysis and self metathesis in Table 22 shows a major selectivity 
towards ethenolysis for the immobilised Piers' catalyst. 
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Generally the activity of Piers' 1st generation catalyst as an cationic catalyst immobilised on 
Al-MCM41 was proven. 
Immobilisation of M1
Table 23: Ethenolysis of MO in toluene, 24 h at 60°C
Catalyst Conversion
Selectivity TON
Load
Etheno. Self meta. Etheno. Self meta.
M1/AgPF6/Al-
MCM41 <5% 100% 0% <10 0 0.5 mol-%
M1 52% 80% 20% 80 20 0.5 mol-%
Comparison of the performance of M1/AgPF6/Al-MCM41 to the homogeneous M1 (Table
23) demonstrates again that ionisation and immobilisation have a negative influence on 
the catalyst activity. The absence of any self metathesis products for  M1/AgPF6/Al-MCM41 
may not be due to high selectivity since there are only less than 5 percent of conversion. If 
the reaction would continue further a change of the product distribution could occur.
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3.3.7 Cross metathesis with functionalised olefins
Cross metathesis reactions between methyl oleate and nitriles or acrylates respectively 
were carried out successfully using homogeneous catalysts as mentioned before. 
The  task   5.1.2  within  the  EuroBioRef  was  meant  to  find  an  immobilised  catalyst  to 
produce  nitriles  from  methyl  oleate.  This  was  to  be  realised  via  cross  metathesis.  
Therefore the immobilised catalysts were also tested in these reactions.
Cross metathesis with nitriles
First cross metathesis with nitriles and MO was tested. 
Acylonitrile (ACN) and crotonitrile were used to examine the activity of the catalysts.
Table 24: Cross metathesis for MO with nitriles in toluene, 4 h, 0.04 mol-%, 4eq. of ACN, 
60 °C
CM partners M51/AgPF6/Al-MCM41 M51
Conversion Selectivity TON Conversion Selectivity TON
Acrylonitrile 7% 66% 110 39% 91% 880
Crotonitrile 0% 0% 0 23% 20% 110
M51/AgPF6/Al-MCM41 and M51  show the same reactivity trend for the two tested nitriles, 
but M51  homogeneously is much more active in the catalysis.  Both catalysts are more 
active  in  the  CM  with  acrylonitrile.  M51/AgPF6/Al-MCM41  does  not  even  show  any 
conversion for crotonitrile. Even self metathesis of methyl oleate is suppressed. This may 
result from catalyst inhibition by nitriles. 
As expected, reactivity is higher on the α-olefin.
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figure  68:  Nitrile  cross  metathesis  
partners
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To have a closer look on the reactions additional experiments at higher temperatures were 
conducted. The exact contents of the product mixtures are presented in  Table 25. The 
components are labelled according to figure 69.
Table 25: CM of MO with ACN at different temperatures, 4 h, 0.04 mol-%, 4eq. of cross 
partners, M51i* refers to M51/AgPF6/Al-MCM41
component
content
M51i* (60 °C) M51i* (80 °C) M51 (60 °C) M51 (80 °C)
Conversion 7% 0% 39% 50%
Selectivity 70% 0% 91% 94%
TON 120 0 880 1100
(a) 34% 0% 36% 35%
(b) 4% 0% 14% 16%
(c) 32% 0% 34% 35%
(d) 0% 0% 7% 8%
(e) 14% 0% 6% 4%
(f) 16% 0% 3% 2%
For M51 for the CM with acrylonitrile a difference is found for the reaction using different 
temperatures.  Conversion  and  selectivity  go  up.  This  is  contrary  to  the  results  with 
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figure 69: reaction scheme for the CM of MO with nitriles
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M51/AgPF6/Al-MCM41. So the improvement in metathesis rate seems to be higher for the 
CM than that of catalyst deactivation.
The distribution  of  products  remains  the  same with  the  increase in  temperature.  Very 
interesting  is  that  also for  the  reaction over  M51/AgPF6/Al-MCM41 at  60  °C the  nitrile 
contents (a) +(c) are the same. The product distribution does not respect the one expected 
from the two cross metathesis reaction, as equimolar amounts of (a) and (b) should be 
obtained,  as  well  as  for  (c) and  (d).  Obviously,   these  terminal  (b)  and  (d)  α-olefinic 
compounds are initially formed equimolarly with their (a) and (c) doubly functionnalised 
partners, but due to their higher reactivity may react rapidly via cross reactions, especially  
with acrylonitrile used in excess. The ethylene deriving from that reaction is able to leave 
the liquid phase for the gaseous phase in the Schlenk tube. So the reverse reaction is  
disabled, allowing the reaction to produce essentially the targeted functionalised nitriles.
Table 26: Table 3: Cross metathesis for MO with acrylonitrile in toluene, 4 h at 60°C, 4eq. 
of acrylonitrile
component
content
M51/AgPF6/Al-MCM41 (0.04 mol-%) M1/AgPF6/Al-MCM41 (0.3 mol-%)
Conversion 7% 5%
Selectivity 70% 95%
TON 120 10
(a) 34% 0%
(b) 4% 0%
(c) 32% 95%
(d) 0% 0%
(e) 14% 1%
(f) 16% 4%
The  comparison  of  M51/AgPF6/Al-MCM41  with  M1/AgPF6/Al-MCM41  shows  the  same 
reactivity trends. For both catalysts no reactivity with crotonitrile as cross partner is found.  
M51/AgPF6/Al-MCM41 gives a similar conversion but a lower selectivity than M1/AgPF6/Al-
MCM41 for the reaction with acrylonitrile as CM partner (Table 26). Although using a high 
catalyst loading, a look on the distribution of the products show that only three products 
are  found  in  GC  for  M1/AgPF6/Al-MCM41.  This  is  mainly  the  ester  (c)  from  cross 
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metathesis.  However,  one  cannot  take  into  account  such  a  result,  as  the  calculated 
turnover number corresponds only one cycle. 
The other products possibly produced in cross metathesis may undergo self metathesis 
and therefore not be detected by GC. 
This could lead to the distribution at hand. Usually the products of SM or CM respectively  
are expected in a 1:1 ratio. This is very different for the results with M1/AgPF6/Al-MCM41. 
Only one CM product is found but in a very high amount. This could be caused by the low 
conversion. If the contents of the other products are only a bit lower than in the theoretical  
1:1 ration they will not be detected by GC.
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CM with Butylacrylate
Alternatively the cross metathesis with acrylates was tested. Butyl acrylate was used.
Table 27 gives the contents of the components in the product mixture. Components are 
labelled as illustrated in figure 70.
Ionised  and  immobilised  M51/AgPF6/Al-MCM41  was  compared  to  M51  at  two  different 
temperatures.
91
figure 70: Product range of CM of MO with BA
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Table 27: CM of MO with BA at different temperatures, 4 h, 0.04 mol-%, 4 eq. of butyl 
acrylate *M51i refers to M51/AgPF6/Al-MCM41
component
content
M51i* (60 °C) M51i* (80 °C) M51 (60 °C) M51 (80 °C)
Conversion 75% 71% 99% 98%
Selectivity 72% 49% 100% 99%
TON 1300 850 2400 2400
(a) 28% 22% 51% 49%
(b) 4% 0% 0% 2%
(c) 37% 21% 48% 47%
(d) 0% 6% 1% 1%
(e) 15% 21% 0% 0%
(f) 16% 30% 0% 1%
Comparison of the CM reactions with BA over M51/AgPF6/Al-MCM41 show that even the 
ratio of products changes. While the content of (c) is nine percent points higher than (a) at 
60 °C. At 80 °C it is about the same. For M51 no change of product distribution is found. 
Both product mixtures contain the same amount of (a) and (c). Also the selectivity and 
conversion have not changed.
The alkenes (b) + (d) have very low contents regardless of temperature or catalyst. The  
same observation was made for the CM with ACN, and the same explanation may apply,  
that is an initial formation of these compounds together with (a) and (c), rapidly followed by 
their disappearance via a metathesis reaction due to their higher reactivity  vs. the other 
disubstituted olefins.
In general for M51/AgPF6/Al-MCM41 the TON and especially the selectivity decrease with 
increase of temperature.
Comparison of M51/AgPF6/Al-MCM41 with M1/AgPF6/Al-MCM41 were done at 60 °C (Table
28).
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Table 28: CM of MO with BA, 60 °C, toluene, 4 h, 4 eq. of butyl acrylate
component
content
M51/AgPF6/Al-MCM41 (0.04 mol-%) M1/AgPF6/Al-MCM41 (0.3 mol-%)
Conversion 75% 9%
Selectivity 72% 83%
TON 1300 20
(a) 28% 36%
(b) 4% 0%
(c) 37% 47%
(d) 0% 0%
(e) 15% 8%
(f) 16% 9%
The  selectivity  for  M1/AgPF6/Al-MCM41  is  higher  but  the  conversion  is  very  low.  The 
amount for the different components are similar, but for M1/AgPF6/Al-MCM41, again the 
terminal alkenes (b) and (d) are not found. So the CM products not carrying the butyl ester  
fragment  seem  to  undergo  further  metathesis.  Less  self  metathesis  products  are 
produced.
Lower grades on methyl oleate, Lubrirob and oleic acid transesterified with methanol, were 
tested, too (Table 29).
Table 29: Cross metathesis for BA with of different purities, 4 h, 0.04 mol-%, 60 °C, 4 eq. 
of butyl acrylate
substrate M51/AgPF6/Al-MCM41
Conversion Selectivity TON
MO (99%) 75% 72% 1300
MO from oleic acid 40% 62% 620
Lubrirob 5% 46% 57
Conversion as well as TON decrease with the impurities in the substrate. Poisoning keeps 
the  catalyst  from achieving  higher  conversions.  Also  an influence on the  selectivity  is 
found. This could be due to poisoning of the catalyst if the SM would happen before the  
CM. Then the catalyst would be poisoned before an equilibrium is reached.
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Cross metathesis with methyl acrylate
The cross metathesis with methyl oleate and methyl acrylate (MA) was carried out as with 
BA before.
Table 30: Cross metathesis for MO with methyl acrylate in toluene,0.04 mol-% (M1i: 0.3 
mol-%), 4 h at 60°C, 4 eq. of acrylate, *M51i refers to M51/AgPF6/Al-MCM41, *M1i refers to 
M1/AgPF6/Al-MCM41
component
content
M51i* (60 °C) M51i* (80 °C) M51 (60 °C) M1i* (60 °C)
Conversion 63% 62% 97% 2%
Selectivity 38% 26% 96% 76%
TON 590 400 2300 30
(a) 18% 13% 47% 29%
(b) 1% 0% 0% 22%
(c) 19% 13% 49% 25%
(d) 0% 0% 0% 0%
(e) 18% 32% 1% 8%
(f) 44% 42% 3% 16%
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figure 71: Product range of CM of MO with MA
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In Table 30 the results for different catalysts are given.
For M51/AgPF6/Al-MCM41 selectivity drops notably with an increase of temperature. For all 
M51 catalysts preferably the esters (a) (c) and (f) are produced. For M1/AgPF6/Al-MCM41 
this is not true and also a fair amount of the alkene (b) is found. Also the selectivity is much 
better than for M51/AgPF6/Al-MCM41 while at a so low conversion,  the results may yield 
misleading interpretations.
M51 gives almost full conversion and a 100% selectivity.
In general conversion and selectivity for all catalysts and temperatures are lower for MA 
than for BA.
Cross metathesis with methyl methacrylate
The cross metathesis with methyl oleate and methyl methacrylate (MMA) was carried out 
as with BA before (figure 72).
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figure 72: Product range of CM of MO with MMA
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Table 31: Cross metathesis for MO with methyl methacrylate in toluene,0.04 mol-% (M1i: 
0.3 mol-%), 4 h at 60°C, 4 eq. of acrylate, *M51i refers to M51/AgPF6/Al-MCM41, *M1i refers 
to M1/AgPF6/Al-MCM41
component
content
M51i* (60 °C) M51i* (80 °C) M51 (60 °C) M1i* (60 °C)
Conversion 54% 41% 76% 14%
Selectivity 2% 0% 48% 12%
TON 27 0 900 5
(a) 1% 0% 25% 5%
(b) 0% 0% 0% 2%
(c) 1% 0% 23% 5%
(d) 0% 0% 0% 0%
(e) 34% 48% 22% 32%
(f) 64% 52% 30% 56%
In Table 31 the results for different catalysts are given.
Again a decrease for conversion and selectivity is found with M51/AgPF6/Al-MCM41 for an 
increase in temperature. The ester components (a) and (c) are again favoured by the M5 1 
catalysts. 
For M1/AgPF6/Al-MCM41 the selectivity is not as good as it was with methyl acrylate.
In general the conversion and selectivity are lower than they were with methyl acrylate and 
butyl acrylate.
Conspicuous  is  the  difference  in  contents  for  the  self  metathesis  products  in  all  4  
reactions. If there is also cross metathesis this could be caused by a different reactivity of 
the two self metathesis products. But for the two reactions with M51/AgPF6/Al-MCM41 no 
or only little selectivity for the CM is found. But the olefin (f) is found in higher amounts 
than the diester (e). This may be due to an analytical problem.
Comparison for the various acrylates
In comparison M51 and M51/AgPF6/Al-MCM41 show the same reactivity trends except for 
methyl crotonate (see below).
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Notable when comparing the reactivity towards nitriles and acrylates is the high selectivity 
of  both,  M51 and  M51/AgPF6/Al-MCM41,  towards  the  CM  products  in  the  CM  with 
acrylonitrile. It is as high as for the best working CM with acrylates.
Apart  from  that  the  reactivity  for  the  immobilised  catalyst  again  seems  to  be  highly 
influenced by the catalysing activity of the original complex, and the conversion level may 
affect strongly the results, due to the fact that the self metathesis of methyloleate may 
predominate  before  the  cross  metathesis  could  occur  significantly.  In  all  cases,  the 
immobilisation has a negative effect on the activity in CM of methyl oleate.
If  one  compares  the  three  acrylates  used,  methyl  acrylate  (MA)  yields  a  medium 
conversion in the CM with M51/AgPF6/Al-MCM41. In comparison the reaction with butyl 
acrylate (BA) results in higher conversion. This could be due to its more bulky butyl chain 
causing  a  steric  hindrance,  which  may  inhibit  the  potential  coordination  of  the  ester  
function towards the ruthenium vacant sites  in competition with the double bond of the 
substrates. Methyl methacrylate (MMA) shows the lowest conversion of the three, most 
likely because it is a vinylidene olefin, as compared with the two others which are end 
capped with  more reactive  vinyl  groups.  As a result,  our  supported catalysts  gave an 
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figure  73:  Trend for  conversion and selectivity for  the  
tested acrylates with M51/AgPF6/Al-MCM41
almost  total  selectivity  into  self  metathesis  products  of  MO,  MMA acting  then  as  a 
“spectator”, although not inhibiting the self metathesis reaction process of MO.
Also steric hindrance caused by the bulkiness of MMA could lead to a reactivity problem. 
The  coordination  of  the  substrate  could  be  difficult  due  to  the  methyl  substituent. 
Additionally MMA is an electron poor substrate which could make the double bond more 
unlikely to coordinate.
This selectivity advantage was not found for the nitriles. There fast poisoning seems to 
disable the selectivity of the catalyst. If the SM products are formed first, deactivation could 
happen before the equilibrium with higher content of CM products is reached.
In all reactions using M51/AgPF6/Al-MCM41 a decrease in conversion and selectivity was 
found  due  to  higher  temperature.  For  all  other  reactions  only  deactivation  seems  to 
happen faster.
Cross metathesis with methyl crotonate
The CM of MO with methyl crotonate catalysed by M51/AgPF6/Al-MCM41 was tested at 60, 
80 and 90 °C.
Table 32: Cross metathesis for MO with methyl crotonate in toluene,0.04 mol-%, 4 h at 
60°C, 4 eq. of crotonate,*M51i refers to M51/AgPF6/Al-MCM41
component
content
M51i* (60 °C) M51i* (80 °C) M51i* (90 °C) M51 (60 °C)
Conversion 7% 51% 84% 100%
Selectivity 0% 12% 79% 100%
TON 0 150 1600 2500
(a) 0% 5% 36% 50%
(b)+(c) 0% 7% 43% 50%
(d) 0% 0% 0% 0%
(e) 48% 56% 12% 0%
(f) 52% 32% 9% 0%
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In contrast with the results for the acrylates, we were pleased to see that in this case 
conversion  and selectivity  increase with  temperature.  The only difference to  the  other 
molecules is that methyl crotonate possesses an internal double bond. Thus the reactivity 
of  that  double  bound  is  reduced  and  needs  a  higher  temperature  for  the  reaction  to 
proceed.  Most  probably the apparent stability of  the catalyst  comes from the fact  that  
methylidene carbene species are not produced in this reaction. These are known to be 
much more unstable than their substituted homologues.
Obviously  the  activation  of  internal  double  bounds  is  therefore  highly  temperature 
dependent. Additionally the selectivity is much higher at 90 °C than at 80 °C (TON 60=0, 
TON80=150, TON90=1600). This effect is even higher than the effect on the conversion. The 
higher reaction rate could give this result if the SM happens before the CM.
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figure  74:  Selectivity  and  conversion  of  the  CM  of  MO  and  Methyl  crotonate  
catalysed with M51/AgPF6/Al-MCM41 for varying temperatures
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Product distribution for M51 at 60 °C shows that at full conversion the diester (a) is found in 
the same amount as the mixture of the C11-mono-esters (b) and (c).  The absence of  
product (d) could be due to butene from the self metathesis of this product leaving the  
solution. So a thermodynamic sink for the SM product (f) would develop.
2-undecene could not be found in any mixture. It seems to be always consumed.
For methyl crotonate (MC) M51 shows a very high activity. This contrasts the results for 
crotonitrile.  Obviously  not  only  the  internal  double  bond  but  the  combination  of 
coordinating function and the internal double bond are important. For the M51 the TON for 
the CM with MC is even higher than for the non α-olefin methyl acrylate. The deactivation 
via methylidene compounds could be the major origin of lower activity here. For the CM of 
MO with nitriles an inhibition of the catalyst activity is a possibility. This could happen via  
the coordination of the nitrile functional group. This may lead to stable complexes. This 
would also explain the much lower conversions for nitriles, for which to our opinion, further 
experiments should be performed at higher temperature, especially using crotonitrile and 
methyloleate.
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figure 75: Product range of CM of MO with MC
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3.3.8 Recycling reactions
Recycling was tested for the SM of MO as well as for a CM reaction.
SM of MO
The  catalysts  M51/AgPF6/Al-MCM41  and  Grubbs'  1st/AgPF6/Al-MCM41  (prepared  from 
batch one support (vide  5.2.2 Al-MCM41 synthesis)) were tested in recycling for the self 
metathesis of MO according to the following procedure: 
The catalysis was carried out as described for the self metathesis of methyl oleate before. 
Afterwards the catalyst was separated from the reaction mixture using a centrifuge. The 
catalyst  was washed and centrifuged 4 times and then stored with as less solvent as 
possible until the next reaction cycle.
In figure 76 the conversions over several reaction cycles are displayed. The reaction using 
M51/AgPF6/Al-MCM41 was carried out at RT, 0.1 mol-% for 3 h in toluene and those with 
Grubbs'  1st/AgPF6/Al-MCM41 was carried out  at  60 °C,  0.3 mol-% for  3 h in  toluene. 
These conditions were optimised for both catalysts before .
The  overall  performance  of  the  immobilised  Grubbs'  catalyst  is  lower  than  of  M51 
immobilised.  M51/AgPF6/Al-MCM41  is  active  over  the  course  of  5  cycles  while 
Grubbs' 1st/AgPF6/Al-MCM41 shows no conversion any more after 3 cycles.
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figure 76: Conversion over reaction cycles for the SM of MO
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So both catalysts are recyclable but they also lose reactivity. Of course this is linked to the 
relatively small loadings that usually show the best performance for both catalysts. Overall 
Grubbs' 1st/AgPF6/Al-MCM41 results in a TON of about 50 (because the conversion for the 
second cycle was not determined an average of cycle 1 and 3 was used). This could not 
be improved by a lower loaded single batch reaction.
However  M51/AgPF6/Al-MCM41 yields a cumulated TON of 700 (same estimation as for 
Grubbs' 1st/AgPF6/Al-MCM41) which can be surpassed by a single batch reaction with very 
low loading (0.04 mol-%, TON: 900). A loss during work up could be responsible for this.  
Another  possibility  is  the  deactivation  under  solvent  influence during  the  washing and 
storage overnight in the wet state.
Cross metathesis of MO and 1-hexene
The recycling for this reaction was studied because it is a very simple example for a cross  
metathesis acting as a model substrate.
Not only the products from  figure 77 are found in the GC but also the self metathesis 
products of methyl oleate.
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figure 77: CM of MO with 1-hexene (not stoichiometric)
O
MeO
O
OMe
O
OMe
Marked in violet in  figure 78 are the substrates Z-methyl oleate at RT=28 (with the E-
isomer) and 1-hexene at RT=7. Marked in green are the CM products as seen in figure 77: 
1-decene  at  RT=9,  5-tetradecene  at  RT=  15,  9-decenoate  at  RT=21.4  and   9-
tetradecenoate at  RT=24.  Marked in  red are the products from the self  metathesis  9-
octadecene at RT=21.3 and dimethyl 9-octadecene-1,18-dioate at RT= 39/40 (E- and Z-
isomer).
In the first reaction cycle (C1) of the cross metathesis between MO and 1-hexene after  
about 30 minutes the maximum conversion of about 94% is reached. In the second cycle 
(C2) after 3 hours this maximum is not yet reached. The rise in the third cycle (C3) is even 
slower.  The  fourth  cycle  was  run  over  a  total  of  45  h  and  only  reached  about  80% 
conversion (figure 79).
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figure 78: GC of the reaction mixture of the CM between 1-hexen and MO
This shows that M51/AgPF6/Al-MCM41 is recyclable. In the used conditions the reaction 
rate already slows down after one cycle. For every consecutive cycle it declines more and 
more.
This is most likely caused by the loss of active species happening in two ways:
The catalyst could be poisoned by one of the reaction components. Even if the level of this  
poisoning is very low over the reaction cycles and the long time in reaction media (54 h 
after the last cycle) are able to enhance this effect. This assumption is supported by the 
reactions with low catalysts loadings, were instant deactivation seems to occur.
The second possibility is leaching of catalyst. Loss of supported catalyst during work up is 
excluded in  this  analysis,  since  a  loss  of  about  30% would  have  been noticeable  by 
eyesight.  However  minor  losses  might  add  to  the  overall  observation  of  reactivity 
decreases. Catalyst dissolved from the support surface would be removed during the work 
up and could therefore be missing in the next cycle.
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figure 79: Conversion over time for the different recycling steps of the CM of MO with 1-
hexene
Anyway in the fourth reaction cycle still an 80% conversion were reached given enough 
reaction time resulting in only a loss of about 14 percentage points over three recyclings 
for the maximum conversion.
 
In  figure 80 the selectivity for the different cycles is presented over time. Generally the  
selectivity is a little higher in the beginning of the experiment than at the end. Also there is 
a small increase in the overall selectivity over the course of recycling ( from about 67% to 
about 80% in the third recycling). But in the 4th cycle until the end of the 45 hour reaction 
time the selectivity has fallen to a level of 67%. So the rise in selectivity could be an effect 
of the reaction rate decay.
The decrease of selectivity over time is in line with the observations of Maughon et al. for  
the selectivity in the ethenolysis reaction [38]. They explained this finding with high initial 
reaction  rate  for  the  production  of  terminal  olefins  (ethenolysis),  which  is  at  higher  
conversions overcome by the trend towards the thermodynamic product mixture with more 
internal olefin. Anyway no high selectivity for the SM of MO is found at any time in any of 
the reactions so there is no big effect.
105
figure 80: Selectivity over time for the different recycling steps of the CM of MO with 1-
Hexene
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A plot of selectivity against conversion for all samples taken during the recycling is shown 
in  figure 81. If  the selectivity would depend on the conversion as assumed, the values 
would be on a straight line. It shows that a connection between conversion and selectivity  
is not unlikely but the error margins of the GC measurements and the deviation of the 
values from the straight are too high to give a definite answer. Also the repeatability issue  
explained in chapter 3.3.3 makes the numbers less reliable.
A connection of this kind would explain all selectivity effects which would only be caused 
by the progress of reaction which can be detected by the degree of conversion. 
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figure 81: Plot of selectivity against conversion of all samples taken from recycling reactions
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3.3.9 Leaching tests
Leaching can be a heavy problem on immobilised catalysts. It lowers the loading of the 
support  and  therefore  can  have  effects  on  reuse  of  the  catalyst.  It  takes  away  an 
advantage of the immobilised catalyst: the easy product catalyst separation.
For the ionised and immobilised catalysts leaching or the absence there of could prove the 
difference between immobilised and physisorbed catalyst.
Filtration test
For a filtration test two reactions are carried out at the same conditions. The conversion is  
analysed over certain time distances. For one of the reactions the catalyst is filtered off 
while the reaction is still on going. The course of the conversion is determined further on.  
In an ideal case where the reaction would only occur on a grafted/supported catalyst, one 
would find a progress as shown in  figure 82. After filtration the conversion should stop 
completely  (green  graph);  for  the  not  filtered  reaction  it  goes  on  until  the  maximum 
conversion is reached.
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figure 82: Ideal graphs for filtration reaction
0 2 4 6 8 10 12
0
10
20
30
40
50
60
70
80
90
100
not filtered filtered off
For Grubbs' 1st/AgPF6/Al-MCM41 ((prepared from batch one support (vide 5.2.2 Al-MCM41 
synthesis)) a filtration test was carried out for the self metathesis of Lubrirob.
The graphs in  figure 83 are not as clear as in the ideal case. But the filtrated reaction 
(green graph) shows only statistical fluctuation after the filtration at 60 minutes. The not 
filtrated  reaction  in  blue  yields  further  conversion  until  about  300  minutes.  From this 
comparison heavy leaching seems not to take place.
To further support these findings the ruthenium content of the filtrated reaction mixture was 
determined  by  elemental  analysis  (ICP).  It  contained  2  ppm  of  ruthenium  which 
correspond to  0.85% of the original loading and results minor leaching.
For  M51/AgPF6/Al-MCM41  ((prepared  from  batch  one  support  (vide  5.2.2 Al-MCM41 
synthesis)) the same test was carried out but the results were even harder to interpret  
which may be connected to the repeatability issue explained in chapter 3.3.3. In a second 
reaction the reaction mixture was filtered off after the maximum conversion was reached. 
An elemental analysis (ICP) was done. The ruthenium content was lower than 1 ppm. 
Thus there is also evidence for a completely immobilised catalyst.
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figure 83: filtration test for Grubbs' 1st/AgPF6/Al-MCM41, 0.7 mol-%, 60 °C, toluene
3.3.10 Double bond migration
Double bond migration is a known phenomena in the catalysed metathesis of olefins. For  
FAME metathesis it was described by Marvey et al.  [31]. The double bond migrates one 
position and therefore cross metathesis products have one more or one less carbon atom 
than expected. Of course this migration may occur several times at one molecule, so that  
even much shorter or longer molecules are found in some cases.
The exact mechanism of the double bond migration is not fully understood. Most likely 
decomposition leads to hydride (dimer) species [32] as shown in figure 84. 
But these can't catalyse double bond migration unless an active metathesis catalyst is also 
present  [33].  Factors influencing the migration seem to be temperatures, concentration 
and the catalyst used.
Double bond migration was found in several reactions during catalyst screening, but only 
under certain conditions.
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figure  84:  Hydride dimer species as proposed by  
Grubbs et al. [32]
Isomerisation happened mostly at reaction temperatures higher than RT. That observation 
only  appeared  in  our  work  for  two  catalysts:  homogeneous  M51 and  M51/AgNO3/Al-
MCM41. For M51 it only happened during ethenolysis (0.5 mol-%, 60 °C, toluene, 10 bar, 
24  h)  which  may  be  linked  to  the  long  reaction  time  giving  wider  possibilities  for 
decomposition. At the same conditions several other reactions with different catalysts were 
used inclusive M51/AgNO3/Al-MCM41 and none of them showed any sign of migration.
For  M51/AgNO3/Al-MCM41 it only happened during self metathesis. If the self metathesis 
was carried out at RT no isomerisation took place. At 60 °C isomerisation products were 
found (0.4 mol-%, toluene, 3 h). In figure 85 the effect in GC is shown.
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figure 85: GC for the self metathesis of methyl oleate with M51/AgNO3/Al-MCM41 showing 
double bond migration
4 Conclusion
Ionisation of commercial available metathesis catalysts was carried out  on mesoporous 
aluminosilicates by ionexchange. Different silver salts were used to ionise the complexes 
as preliminary tests indicated stability differences.
For comparison reasons other immobilisation methods were used. The same metathesis 
catalysts were physisorbed on SiO2 and Al-MCM41. Also the commercial available ionic 
Piers' 1st generation catalyst was immobilised on Al-MCM41.
The catalysts produced in this manner were characterised by several ways. NMR showed 
differences  in  the  immobilised  catalysts  for  the  use  of  different  silver  agents.  In  the 
31P NMR spectrum M1 physisorbed on Al-MCM41 showed the same peaks (not  in  the 
same area ratios) as M1 ionised with AgBF4 immobilised on Al-MCM41. M1 ionised with 
AgPF6 and immobilised on Al-MCM41 showed only one dominant species which was also 
found in the spectra of M1/Al-MCM41 and M1/AgBF4/Al-MCM41. This may be the 31P-NMR 
peak for the immobilised cationic species of M1.
IR  demonstrated  the  presence  of  the  immobilised  catalysts  on  all  characterised 
substances.  Regarding  differences  between  ionised  and  physisorbed  catalysts  and 
between different ionising agents the presence of several species at some materials as 
concluded from NMR was reinforced.
ICP and TG gave consistent results regarding the loading of the catalysts. For immobilised 
Piers' 1st catalyst via ICP a loading of about 70% of the used complex was found, resulting 
in an loading of 0.14 mmol/g. This is considered the highest loading possible. The loading 
is also found to be depended on the aluminium content of the support, the complex used 
and the ionisation agent.
The  new  synthesised  catalysts  were  applied  in  several  metathesis  reactions.  Self 
metathesis of methyl oleate (in different grades) was catalysed successfully. The reactions 
in presence of homogeneous M51 and physisorbed M51 on silica had higher TONs (21000 
resp.)  than the ones over  ionised and immobilised M51,  but  the M51/AgPF6/Al-MCM41 
(TON= 900) showed higher activity than the M51 physisorbed on Al-MCM41 (TON= 0). 
This leads to the conclusion that physisorption is not the main force for the immobilisation 
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in the ionised and immobilised catalysts. The ionisation agent used in the synthesis of the 
immobilised catalysts also proved to have a major influence.
The  catalysts  were  also  tested  in  the  ethenolysis  of  methyl  oleate.  Here  again  the 
immobilised ionised catalysts were found to be inferior to the complex in homogeneous 
metathesis regarding to conversion and selectivity. Also M51 was found to be more active 
in the ethenolysis than M1.
In addition the catalysts were found to be active in cross metathesis reactions of methyl 
oleate with acrylonitrile, butyl  acrylate, methyl methacrylate, methyl acrylate and methyl  
crotonate. Reactivity trends follow the ones of the complexes used. An exception was 
found for the temperature dependence of the cross metathesis reactions between methyl  
oleate and acrylonitrile. Best activity was obtained for M51/AgPF6/Al-MCM41 in the CM 
between butyl acrylate and methyl oleate (TON= 1500).
The ionisation agent used in the synthesis of the immobilised catalysts proved to have a 
major influence, too. Silver nitrate delivered the best catalyst based on M51.
The  catalysts  were  proven  to  be  recyclable,  albeit  only  for  few  cycles  (SM  of  MO, 
Cumulated TON= 700).
Filtration  tests  showed  practically  no  leaching.  This  was  consistent  with  elemental  
analyses of filtrated reaction media, which at maximum showed minor ruthenium contents.
To sum up the results, no indisputable proof for the immobilisation of an ionised catalyst 
was found, but there are strong indications. Differences between a physisorbed catalyst 
and  the  potential  ionised  immobilised  catalyst  were  demonstrated  analytically  and  in  
reaction behaviour.
Several catalysts active in various metathesis of FAME compounds were synthesised. The 
immobilised ionised catalyst showed activity towards cross metathesis with functionalised 
olefins such as acrylates and nitriles.
Recycling was conducted successfully and leaching was proven not to be an issue.
As future option, one may envision to use this approach with newly described cationic 
catalysts [60], as 1) this would increase active site concentration and 2) this would show if 
another  generation of  cationic  catalysts  can be developed by chloride abstraction and 
substitution by dative ligands, leading to better defined catalysts.
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5 Experimental Part
If  not  mentioned  differently  all  manipulations  were  done  under  argon  using  standard 
Schlenk technique or a MBraun glove box. All solvents were purified according to standard 
methods and degassed before use.
5.1 Chemicals  
Methyl oleate
Methyl  oleate purities  are given with  reactions.  Methyl  oleate  98% was received from 
Sigma Aldrich, Lubrirob was received from Novance and oleic acid for esterification was 
received from Arkema. It was degassed 3 times and stored under argon. It was filtered 
over an alumina plug prior to use.
Ethylene
Ethylene was provided by Air  Liquide:  Alpha Gaz (C2H4-N35)  pure  gas :  CO2<5 ppm, 
S<2 ppm, CnHm<430 ppm, O2<10 ppm, N2<40 ppm, H2O<5 ppm, H2<10 ppm. 
Methyl crotonate
Methyl crotonate (98%), acrylonitrile (≥99%), butyl acrylate (≥99%), methyl acrylate (99%), 
methyl methacrylate (99%) and acrylonitrile (99%) were bought from Sigma Aldrich and 
distilled. They were stored under argon and filtrated over a plug of alumina prior to use.
Silica
The silica used was Aerosil 380 from Degussa (specific area 380m²/g).
5.2 Catalyst preparation  
5.2.1 Immobilisation
Ionisation of homogeneous catalysts and immobilisation on Al-MCM41
As standard preparation 1 g of support (heated to 500 °C for 15 h under UHV before) was 
stirred in 5 ml of toluene for 1 h using a double Schlenk tube. 0.15 mmol of the catalyst  
complex were dissolved in as little toluene as possible. 0.16 mmol of the silver compound 
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in toluene were added and the mixture was shaken or stirred for 5 minutes longer than 
precipitation was noticed, but at least 15 minutes.
Then the mixture was filtered over a syringe filter and added to the support. This was 
stirred for at least 60 h.
The toluene was removed under reduced pressure and 15 ml of DCM added. The catalyst 
was stirred in this solvent for 10 minutes and the filtered of using the frit of the double 
Schlenk tube. The solvent was distilled back to the catalyst side of the Schlenk and the 
catalyst and solvent were stirred for 20 minutes. Then filtration was conducted again.
The procedure was repeated until the filtrate was colourless.
Afterwards the catalyst was dried for at least 3 h under vacuum.
Immobilisation of Piers' 1st catalyst on Al-MCM41
0.5 g of support (heated to 500 °C for 15 h under UHV before) were stirred in 3 ml of  
toluene for 1 h using a double Schlenk tube. 80 mg  Piers'  catalyst  (0.1 mmol) of the 
catalyst complex were dissolved in as little toluene as possible and added to the support.  
This was stirred for 62 h.
The toluene was removed under reduced pressure and 15 ml of DCM added. The catalyst 
was stirred in this solvent for 10 minutes and the filtered of using the frit of the double 
Schlenk tube. The solvent was distilled back to the catalyst side of the Schlenk and the 
catalyst and solvent were stirred for 20 minutes. Then filtration was conducted again.
The catalyst was dried for 3 h under high vacuum.
Physisorption of homogeneous complexes on supports other than Al-MCM41
The complex was dissolved in as little toluene as possible. The support (heated to 500 °C 
for  15  h  under  UHV before)  was  added  and  the  mixture  was  stirred  over  night.  The 
supernatant  was  removed  after  settling.  The  remaining  solvent  was  removed  under 
reduced pressure. Pentane was added and the mixture stirred again for 30 minutes. Again 
the supernatant was removed and the solid dried under vacuum.
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Physisorption of homogeneous complexes on Al-MCM41
As standard preparation 1 g of support (heated to 50 °C under UHV before) was stirred in 
5 ml of toluene for 1 h using a double Schlenk tube. 0.15 mmol of the catalyst complex  
were dissolved in as little toluene as possible and added to the support. This was stirred 
for at least 60 h.
The toluene was removed under reduced pressure and 15 ml of DCM added. The catalyst 
was stirred in this solvent for 10 minutes and the filtered of using the frit of the double 
Schlenk tube. The solvent was distilled back to the catalyst side of the Schlenk and the 
catalyst and solvent were stirred for 20 minutes. Then filtration was conducted again.
The procedure was repeated until the filtrate was colourless.
Afterwards the catalyst was dried for at least 3 h under vacuum.
5.2.2 Al-MCM41 synthesis
If not mentioned differently the catalysts were prepared using batch two support.
Synthesis batch 1
10.5 g (71.1 mmol) tetraethylammonium hydroxide, 0.48 g (5.1 mmol) sodium aluminate 
and  50  g  demineralised  water  were  stirred  for  1  h.  Then  10  g  tetradecyltrimethyl-
ammonium bromide were added. After 12 additional hours of stirring 6.09 g Aerosil 200 
were added, followed by 1 hour of stirring.
Crystallisation took place over 6 days at 105 °C in a hydrothermal autoclave.
The product was washed with 1.5 l of water, dried at 120 °C over night and afterwards 
calcined at 540 °C for 6 h.
Synthesis batch 2
18.24 g of tetramethylammonium hydroxide and 2.1 g sodium aluminate were dissolved in 
24 ml of hot deionised water. This mixture was added to 45.75 g of Ludox 40. Precipitation  
started  instantly.  120 g of   hexadecyltrimethylammonium bromide solution (25%) were 
added rapidly and the complete mixture was stirred shortly.
Crystallisation took place over 7 days at 110 °C in a hydrothermal autoclave.
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The product was washed with 1 l  of  water,  dried at 110 °C over night and afterwards 
calcined at 540 °C for 6 h.
5.3 Analysis  
Gas chromatography (UCCS Lille)
The  GC  analyses were  run  using  a  flame  ionization  detector  (FID).  The  following 
conditions and equipment were used: column: SP-2380 from Supelco, 60 m x 0.25 mm (id) 
x  0.20  µm  film  thickness.  GC  and  column  conditions:  injector  temperature,  280  °C; 
detector temperature, 255 °C; oven temperature, starting temperature, 80 °C; hold time, 
10 min. Ramp 1: ramp rate 20 °C/min to 185 °C, hold time, 5 min. Ramps 2: ramp rate 
20 °C/min to 250 °C, hold time, 30 min. Carrier gas: Nitrogen mean gas pressure 100 kPa,  
split ratio, 20:1. 
Samples  were  prepared diluting  the  taken sample with  iso-propanol.  Tetradecane was 
used as internal standard. For every reaction a sample t0 of the initial substrate-standard-
mixture was taken before adding any catalyst. The ratio of substrate to standard in this 
sample was used to determine the conversion of the reaction.
Gas chromatograms were also done in Aachen but none of them were used in the results  
presented in this work.
Infra red spectroscopy (UCCS Lille)
Diffuse-reflectance infrared spectra were collected by using a Praying Mantis cell (Harrick) 
on a Nicolet 6900 spectrometer fitted with a MCT detector. 
The samples were prepared in the glove box and the cell  closed tightly before being 
transferred to the spectrometer.
Solid state MAS-NMR  (Lille CCM RMN)
Solid-state MAS NMR spectra were recorded on a Bruker Avance 400 spectrometer (1H, 
400.1 MHz; 13C, 100.6 MHz; 29Si, 79.5 MHz; 31P, 161.2 MHz). 
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BET (UCCS Lille)
BET samples were weighed under air.
The samples were weighed into the cell and desorbed of gas at temperatures of 120 °C 
under a steady flow of a helium/ nitrogen mixture for 30 minutes. Then the weighed of the 
sample  was  determined  (subtracting  the  weighed  of  the  cell).  Then  the  actual 
measurement was carried out.
XRD (RWTH Aachen)
X-ray diffractograms were taken with a Siemens D 5000 diffractometer. The anode was 
copper, the radiation filter nickel. The wave length was 1,5406 A (Cu Kα1).
ICP elemental analysis (IRCE Lyon)
Samples  were  treated  with  HF/H2SO4/HNO3;  H2SO4/HNO3;  first  HF/H2SO4/HNO3  then 
NaOH 30%; HF/HCl/HNO3 respectively.
Measurements were done on an ICP-OES Activa from Jobin-Yvon.
5.4 Metathesis  
Self metathesis
The substrate was filtered over a plug of activated alumina before reaction. Afterwards it 
was  mixed  with  tetradecane  as  GC standard.  The  required  amount  of  substrate  was 
weighed, mixed with the catalyst and the solvent (1 ml per 40 mg substrate). The reaction 
was stirred and for some reactions heated using an oil bath.
After the desired reaction time either the complete reaction mixture was quenched with 
iso-propanol or an aliquot GC sample was taken and quenched.
Ethenolysis
Ethenolysis  was  carried  out  in  40  mL autoclaves.  The  substrate  was  filtered  over  an 
activated alumina plug and mixed with tetradecane as GC standard before weighing. The 
catalyst, substrate and solvent were mixed in the autoclave, the autoclave was closed and 
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purged with  ethylene 3 times.  After  that  it  was pressurised with  10 bar  ethylene.  The 
system was given 1 minute to settle at that pressure still connected to the gas bottle.
The autoclave was heated to 60 °C and stirred for 24 h. Afterwards either the complete 
reaction mixture was quenched with iso-propanol or only the GC sample was taken and 
quenched.
Cross metathesis
Lubrirob  and  methyl  oleate  were  purified  using  a  plug  of  activated  alumina.  The  co-
substrates were purified as detailed above.
The methyl  oleate  component  and the  co-substrate  were  mixed in  a  ratio  of  1:4  and 
tetradecane was added as GC standard.
The substrate mixture was weighed and mixed with catalyst and solvent. The reaction was 
stirred and, for reactions using AMK252, heated to 60 °C using an oil bath.
After 4 h a GC sample was taken and quenched using iso-propanol.
Recycling reaction
The recycling reactions were carried out in the same manner as the self metathesis and 
cross metathesis reactions respectively. The reactions were carried out in centrifuge tubes. 
After reaction the tubes were migrated into the glove box and centrifuged. The GC sample 
was  taken  afterwards  and  the  rest  of  the  supernatant  was  removed.  The  remaining 
catalyst was washed with 4 ml toluene centrifuged again and the supernatant removed 
again. The washing was repeated 3 times. The next reaction was conducted the following 
day in the same manner.
Kinetic examinations
For the kinetic examinations self metathesis reactions were carried out as detailed above. 
In defined time intervals GC samples were taken and quenched using iso-propanol.
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Filtration tests
Filtration tests were carried out in the same manner as self  metathesis reactions. The 
filtration was carried out using a double Schlenktube for AMK315 and syringe filters (in the 
Glove box) for the remaining catalysts. Samples were taken as indicated above for kinetic 
examinations and quenched using iso-propanol.
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6 Annexes
6.1 MAS NMR  
Al-MCM41
M1/AgPF6/Al-MCM41
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-150-100-500 ppm
figure  86:  29Si  MAS  NMR  spectrum  of  Al-
MCM41
figure 87: 1H MAS NMR spectra of M1/AgPF6/Al-MCM41
M51/AgPF6/Al-MCM41
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figure 89: 1H MAS NMR spectra of M51/AgPF6/Al-MCM41
figure 90: 13C CP-MAS NMR spectra of M1/AgPF6/Al-MCM41
figure 88: 13C CP-MAS NMR spectra of M1/AgPF6/Al-MCM41
M1/AgBF4/Al-MCM41
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figure 91: 1H MAS NMR spectra of M1/AgBF4/Al-MCM41
figure 92: 13C CP-MAS NMR spectra of M1/AgBF4/Al-MCM41
M51/AgBF4/Al-MCM41
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figure 93: 1H MAS NMR spectra of M51/AgBF4/Al-MCM41
figure 94: 13C CP-MAS NMR spectra of M51/AgBF4/Al-MCM41
M51/AgNO3/Al-MCM41
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figure 95: 1H MAS NMR spectra of M51/AgNO3/Al-MCM41
figure 96: 13C CP-MAS NMR spectra of M51/AgNO3/Al-MCM41
M1/Al-MCM41
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figure 97: 1H MAS NMR spectra of M1/Al-MCM41
figure 98: 13C CP-MAS NMR spectra of M1/Al-MCM41
M51/Al-MCM41
M1/SiO2
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figure 99: 1H MAS NMR spectra of M51/Al-MCM41
figure 100: 13C CP-MAS NMR spectra of M51/Al-MCM41
6.2 IR  
M1/AgBF4/Al-MCM41
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figure 101: 1H MAS NMR spectra of M1/SiO2
figure 102: 13C CP-MAS NMR spectra of M1/SiO2
M51/AgBF4/Al-MCM41
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figure 103: IR spectrum of M1/AgBF4/Al-MCM41
figure 104: IR spectrum of M51/AgBF4/Al-MCM41
M1/SiO2
M51/SiO2
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figure 105: IR spectrum of M1/SiO2
figure 106: IR spectrum of M51/SiO2
Values for effective Carbon calculation
Table 33: Atom values for effective carbon calculation
atom assigned value
aliphatic carbon 1
olefine carbon 0.95
ester oxygen -0.25
Table 34: effective carbon for self metathesis and ethenolysis of methyl oleate
Self metathesis Ethenolysis
molecule effective carbon molecule effective carbon
methyl oleate 17.65 methyl oleate 17.65
dimethyl 9-octadecene-
1,18-dioate 17.4 9-undecenoate 9.65
9-octadecene 17.9 1-decene 9.9
Table 35: Effective carbon for cross metathesis of methyl oleate with acrylonitrile (labels  
according  to  figure  69,  page  88)  and  butyl  acrylate  (labels  regarding  to  figure  70, 
page 91 ), resp.
Cross metathesis with acrylonitrile Cross metathesis with butyl acrylate
molecule effective carbon molecule effective carbon
methyl oleate 17.65 methyl oleate 17.65
acrylonitrile 2.2 butylacrylate 5.65
(a) 8.95 (a) 13.4
9-undecenoate (b) 9.65 9-undecenoate (b) 9.65
(c) 10.2 (c) 13.65
1-decene (d) 9.9 1-decene (d) 9.9
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Table  36:  Effective  carbon  for  cross  metathesis  of  methyl  oleate  with  methyl  acrylate  
(labels according to figure 71, page 94) and methyl methacrylate (labels regarding to figure
72, page 95 ), resp.
Cross metathesis with methyl acrylate Cross metathesis with methyl methacrylate
molecule effective carbon molecule effective carbon
methyl oleate 17.65 methyl oleate 17.65
methyl acrylate 2.65 methyl methacrylate 3.65
(a) 10.4 (a) 11.4
9-undecenoate (b) 9.65 9-undecenoate (b) 9.65
(c) 10.65 (c) 11.65
1-decene (d) 9.9 1-decene (d) 9.9
 
Table 37: Effective carbon for cross metathesis of methyl oleate with methyl crotonate 
(labels according to figure 75, page 100) and 1-hexen , resp.
Cross metathesis with methyl crotonate Cross metathesis with 1-hexene
molecule effective carbon molecule effective carbon
methyl oleate 17.65 methyl oleate 17.65
methyl crotonate 3.65 1-hexen 5.9
(a) 10.4 9-tetradecenoate 12.65
9-dodecenoate (b) 10.65 9-undecenoate 9.65
2-dodecenoate (c) 10.65 5-tetradecen 13.9
2-undecen (d) 10.9 1-decene 9.9
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